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Preface

‘' The reader is cautioned ajgainst taking any calculated
result in this thesis out of context. Every.concIuSion is

based on a series c¢f assumgtions, any one of which could

vsignificantly alter the conclusion if changed. The

assumptions behind each result are given throughout the

thesis, and in the concluding chapter there is a brief

summary of the conditions under which conclusions are valid.

It is an honest attempt to point out the limitutions of the

analysis. However wise or unwise this self eramination is

for a student attempting to obtain:a good grade, I feel that

it is the least I can do for the reader and for my generous

sponsor.

This'ﬁhesis was séonsored by the Office of Plans and’
Programs, Eastern Space and_M;ssile Center! Patrick AFB,
-Fioridat I wish to thank Mr. Edward Herrburger‘and Mr.
Robert Wilfong of the ESMC for their enthusiastic suppor; ana
encouragemeht during ;pié eﬁfort. I hoée the gesult'is'of
some assistance in their work.
| R would alsd like to éhank Dr.Vaqar Syed for érudenfly
urging me to begih writing this thésié.éarly, and Df. Thomas
Johes.fof his yéry helpfhl“infofmation on reentry véh;cie

characterics. .

‘Richard w. Whife Jr..
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Abstract

This thesis is intended to be a tool for planners of a

reentry vehicle to satellite telemetry link. However, it may

be a useful resourcevto anyone interested in satellite
communications, especially those who wish to examine the S-
band capability of the ftracking and Data Relay Satellite
(TDRS). The thesis should be a stand alone reference for a
genefal overview of the problems concerned. Moet of the
major problems'involved in establishing a telemetry link have
been set forth in this one source. The reader'is briefed on
each pfcblem in sufficient detail to gain some insight as to
how the problems'affect the quality of the link, how the
problems are related to each other, and some of the tradeoffs
that can be performed. A broad range of antenna and
transmitter combinations are examined, and their performances
are eompared.

Speeifically,vthis theeis examines free space loss, rain
loss, gain and 3 dB beamwidthn of parabollc, slot, and dipole
antennas, parabollc antenna footprlnt on the Earth, the

concept of recelved signal strength, reentry‘vehlcle and

_satellite charactecristics, increasing transmit power, varying

freéuency from 1 to 10 GHz, increasing antenna effeciency,

- and increasing receiver sensitivity.

Some preliminary conclusions are drawn, and areas for

further study are recommended.
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a.

SATELLYTE RECEPTION OF REENTRY
VEHICLE TELEMETRY

I. Intrcauction

Background

When a missile is launchgd from Cape Canaveral or at
sea,'its perfdrmancé is evaluated in part by télemetry
transmitted back to Earth by the missile. Currently, a iot
6f money, time, and efforﬁ are spent on equipment necessary
to receive the telemetry. Because the tglemetry is
tranémitted on a line-of;sight radio beam, ‘tracking stations
have been established on ‘islands and ships scattered across
the Atlantic Cdéan. Each station can monitor the signal for

only a few minutes, as the missile passes from horizon to

‘horizon during that time. Thus, even with several widely

geographically separated tracking stations in usé, there are

periods of time when the missile is$ out of receiving range,

~and the telemetry data is lost.

.A propOséa solution to this problem is to Send,the
teiemetéy not to the ground, bﬁt to a tracking.sétellite‘in'a
geostationary orbit.  The éatellife would be able to
continuousiy;monitor the missile’s telemetry acfoss the

entire Atlantic Ocean, and relay the sighai back to a single

tracking station on Earth. This solution has the advantage

of providing a significant increase in the amount of data
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received for many different launch and inpact points. It may
alco eliminate the need for maintaining mgst 2f the ground

stations.

The Problem

This thesis examines the feasibility ¢f using . a
satellite to receive telemetry signais from a reeatry vehicle
(RV). A reentry vehicle is an object carried inside the nose
cone of a missile. Typically several reentry vehicies, each
transmitting its own telemetry signais,‘are ejected from a
missile during its flight. Specifically, this thesis
examines what is necessary to send aJSiqnal from a reentry

vehicle to a satellite in geostationary orbit.

Scope

Given the constraints of a reentry vehicle (such as
transmitter size and power, antenna configuration, required
data rate, and allowable bit error rate) and reasonable

constraints on the sateliite, the following,three guestions

are addressed:

1. What levels of transmit pdwer'are feasible for
the reentry vehicle?

2. What possible antenna size and configurations are
feasible for: '

a. *he satellite?
t. the reentry vehicle?

3. What is the required sensitivityv of the receiv:r
aboard the satellite? .




To keep the problem within the time constraint cf a
thesis project, the cost effectiveness of the proposed
satellite relay system was not examined. However, a ground
rule for this project was that the amount oﬁ engineering
changes (and increased ccst) to the reentry vehicle should be
kept to a minimum. A satellite orbit lower than
geosynchronous was not considered, as this would have
resulted in an addifional reentry vehicle launch window
constraint and other p;oblems. The return link from the
satellite to the gfound statien end the sending of signals

from the ground are not discussed. Althouch it is desirable

ek v 4

for the satellite to receive trlemetry from many reentry
vehicles simultaneously, only one telemetry link is
considered in this thesis.

This thecis is intended to be a tool for planners of a

i
T
.g :
4
4

reentry vehicle to satellite tel~metry link. 'It should be a
stand alone reference for.a general overview of the problems
concerned. Most of the major problems involved 1in
‘establishing a link'have beeﬁ set forth in this one source.
The reader‘is briefed op each problem lﬁ sufficient detail to
gainvsome insight as to how the problems affeetlthe.quaiity
of the link, how the'problems are relatedAto'each other, and
l;some of the'tredeoffs'that Can be performed. A:bfoad range .
of antenha and transmitterlcombihations are examined and

their performances are compared. The reader can then use the




information presented to determine which combinaticn(s) are

worthy. of further investigation.

Assumptions and Current Knowledge

The crux of the‘problem is that the reentry vehicle is
assumed to'bé heévily constrained in possible trénsmitter and
antennalconfigurations. The antenna must provide hich gain,
yet‘still remain small, be lightweight, and be able to
-Withstand.the severe vibration and thérmal effects associateé
with‘reentering'the'Earth's atmosphere. Space, electrical
bowér, and allowable weight for the-transmittef are 1imited.’
Recently the National Aeronautics and Space Administration
la@nched a Tracking and Data Relay Saﬁellite'(TDRS). The
TDRS performs a function similar to that of the p}oposed
telemetry relay satellite, relaying communications between
the Space'ShuEtle ahdlthe Earth. The difference between the
Space Shuttle and a reentry vehicle, however, is that the
épace, power, and weight cons;r;ints are cocnsiderably relaxed
éboarq thé Space Shuttle. Forlexample; the Space Shuttle is
1a;ge'eﬁ6ugh to have a 3 foot dish tracking antenna mounted

in its cargo bay (2:1,500).

Sténdards_and Approach to the Problém

| Thevfirst.taSR of the thesis project was to research the.
constraints of a typicai‘reéntry ;ehiclé. The size and
weight of the éntenna and telemetry transmitter used in this

thesis were based on the approximate size ofvreentry vehicles




in use toéay. " Thhe required data rate, traﬁ;mitting
vfrequency, and allowable error rate'fér the telehetry used 1in
this thesis were also tvpical of reentry vehicles‘in use
today. A search was made of p@blished literature so that
. work performed on problems similar to the thesis problem
could be'compared. The author éained much benefit from
researching the TDﬁs communication system, especially with
regard to the mathematical rélationshlbs used in 1link
performance calcula#ions. For examplg, there are
matheﬁatical equations which describe how a signal
deteriorates as it propagates through space, and how signal
strength is related to data rates. The équations were used:
to calculate a range of possible received sicnal strengths.
This, in turn, determined what type of antenna configurations
and transmitter performanée séecifications were feasible.
‘The number of feasible éonfigurat;qns'was severely limited by
reentry vehicle constraints. The constraints reduced the
;bumber of calcula;ions‘to be performed, as only a few
Vcoﬁfigu;ations needed to be examined.

To érrange:the déta in a meaniﬁqfu} form, a series of
graphé depiCting'reentry vehicle parameters yefSus satellite
parameters were generated. ‘Fof axample, a graph of reéentty'
vehicle transmit pdwer versus satellitefanténna'size is
included; | |

" The proposed system was considered feasible if all the

reentcy vchicle constraints were met, and if hardware exists
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for will soon exist) that i; capable of the performance
specified in the graphs. The latter requireé a brief survey
of available and planned space qualified eguipmrent for
transmitcing and receivihg telemetry. Again, informatioq
from the TDRS programiprovided the most useful information
regarding the performance of state of the art hardware.
Calculations were made over a 1imited range of parameters as
‘there was no point in calculating the performance of a 50
watt transmit;er, especially‘when moét telemetryv transmitters

of this type are capable of producing only S watts output.

Two Approaches Taken

It is theoreticaily possible to construct a satellife of
‘sufficient sensitivity that no modifications to existing
-reentry vehicles would have to be macde. Similarly, it is
possible {but dot‘reasonable) to exténsively modify the
reentry vehicle such that its transmit.power 1s so great that
the TDRS currently in orbit would be able to feceive a high
data rate jtelemetry sicnal. Thué,two approaches are taken in
tﬁis thesis. In thé first approach, the level of
sophisticatioh for thelsétellite is very high and the
modifications to existing reentry véﬁicle is minimal. In the
second approach, thé'reentry vehic1e‘snéhisticqtion is
ihcréased significantly,.réducin; the‘required.sizewof tﬁe
“anténna aboard the receiving satellite. The former appréach

is preferred over the latter, since modifyina one satellite

is apparently easier than modifying thousands ¢ reentry

6 .
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vehicles. However, by comparing the two approaches, the
reader should gain a better understandihg cf tﬁe problems’ and

tradeoffs involved in making the system work. In many

instances the best approach is not always the easiest, and a

comparison of different approaéhes is useful in planning for

the uncertain future.

..........




II1. Mathematical Relationships

Pur pose

This chapter familiarizes the reader with the equations

[ LRV

necessary to describe the performance of the communications
link between the reentry vehicle and the satellite. Some of

the equatibns are approximations, but they are accurate

enough for comparisoin purposes. More accurate expressions
would nct add to the accuracy of the solutions, as they would

require knowledge of minute detéils of the system (such as

the surface roughness of the antenna) which’are'yet to he

defined.

g ae Free Space Loss
z V THe degradati.n in signal strength, due to its
propagation through free space is given by (5:84):

. . FSL = 20 Log‘('» )

Inz (1)

where

FSL = Freé Space Loss in dB (usually a negative
quantity) . : '

A = wavelength of signal

ﬁ , z = distance traveled

Assuming worst case conditions (reentry vehicle at sea

level and satellite at geosynchronous altitude), z = 35,784

.................................
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km. At this altitude, the Free Space Loss ranges from =-183.5
to =-203.5 dB for frequencies between 1 and 10 GHz (See Figure
1). It should be noted that a 6 dB improvement would be

obtained if the satellite to reentry vehicle distance was

cut in half (z = 17,892 km). Although reentry vehicles may -

reach altitudes of 600 km or 'more, .~orst case distance 1is

~consistantly used throughout the thesis.

Rain Loss

For frequencies under 1C GHz, the degradation of the

reentry vehicle's telemetry signal due to rainfail is on the

-order of -0.1 dB and can be ignored (13:574).

'

Antenna Gain.

The gain of a parapolic dish antenna is given

approximately by (16:66):

g = ié Log{(%?)Z n] ‘ )

where

Yo}
L]

gain (in dB)

r.
u

- wavelength of signal

diamétgr.of dish

&1
L}

n

antenna efficiency factor

Typically, the antenna effic;ency factor for space
application antennas 1is 0.4'(see-Appendix'B for

justification).

........................................

.........
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‘The one half power beamwidth of a parabolic dish antenna

is ‘given approximately by (21:274):
3dB BW = 70A/d (3)

where
3 4B BW = one half power beamwidth (1in degrees)

A wavelength of signal

"

n

d diameter of_dish

Another type ofiantenna used in this thesis is the long
dipole. Typically the gain of this antenna is 2.148 dB, and
thie one half powef beamwidth ‘is 78 degrees. ‘'The length of

the antenna is one half the wavelength of the transmitted

signal, and its gain is independent of frqquenéy

(18:597,5:89) .

Footprint

If the area of sétellite antenna coverage is drawn on a

map aof the Earth, the enclosed area is referred to as the
footprint of the antenna. In general, the higher the gain of
the antenna the narrower the beamwidth and the smaller the

footprint. While it is desirable to increase the gain of an

antenna, de reasing the footprint is undesirable. Rgeﬂtry_'

vehicles typically travel thousands of kilometers oVer the
surface of the Earth. If the footprint is smaller than the
travel path of the reentry vehicle, the sétellite.antenna

will have to track the reentry vehicle. This significantly

11
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adds to the complexity Qf‘the satellite, as a steering motor
for the antenna, as well as a guidance mechanism for accurate
pointinq,’will be required. Currently the TDRS is‘able to
point its 4.9 m diameter dish antenna at an orbiting Space
Shuttle with Suffi;ient accuracy to achieve a high data rate.
The TDRS is in geosynchronous orbit, and the Space Shuttle's
drbit is similar to the path of the reentry 'vehicle.
.Therefore,'at first glance, tracking appearé to be a solved
problem. However, the antenna for the proposed telehetry
relay safellite will be much larger than the one used on
TDRS. This means that its footprint will be smaller and the
required pointing accuracy will be gfeater. In addition, the
more masé the antenna‘has. thé more difficult it is for the
pointing motor to move the antenna with the same accuracy.
However, the‘large distance of' 35,784 km between thé reentry
vehicle and the §atellite reduces the amount of change in
pointing angle the antenna must undergo, and reduces the rate
at whichlthe pointing change takes place. The fact that the
reentry Vehiqle moves in é straiéht‘line is. yet another
'faétor which reduces the difficulty in pointing the satellite
antenna at the reentry vehicle. | o

" If a reentry vehicle travels a distance of 8,000 km "
‘across the surface 6f the Earth, the sa;ellite antenna must
move a total of_approximately 12.756 degrees to track the RV
thrpughéut its flight (see Equ#tion (4) bélowf. If’the.RV‘

takes 40 minutes to cover the 8,000 kn distance, antenné

12,
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poihting must Le changed‘atva rate of 0.3189 degrees §er
minute, or 0.0053 degrees per second.

The approximaté size Of an antenna footprint can be
found thr&ugh simple geometry. If the surface of the Earth
is assumed to be flat, and if ¢ is the 3 dB beamwidth as
shown in Figure 2, then the satelliﬁe anténna footprint is

given by:
Footprint Diameter (in km) = (2 (tan (1/2 ¢ )] 35,784) (4)

This equation is dérived from the fact that triangle abc

"in Figure 2 is a righf triangle, and that tan (1/2 @) is

equal to length bc divided by 35,784 km. The footprint
diameter given by Equation (4) is a minimum value. It is
accurate for antennas with small beamwidths aimed close to

the equator. For a parabolic éish antenna, the footprint is

‘circular when pointed at the equator. As the antenna 1is

pointed closer to the polar regions, the footprint elongates

due to the curvature of the Earth.

Received Power

The signal strength of the reentry vehicle telemetry

signal at the receiving satellite antennavis'given'by (7:A—b

3):

Received Signal Strength (in dBw) = 10 Log _ P + L + G (5)°

.1 watt.

o M e e e e




¢ = 3 dB BZAMWIDTH

"SATELLITE

Figure 2. Satellite Antenna Footprint
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where

v
.

< Reentry vehicle transmit powér in watts.
L = Free Space Loss (Equation (1)) and other losses
in dB. ‘
G = Gain of reentry vehicle antenna in dB.

The above equation is derived from the definition of dBw
and the fact that it is acceptable to add units of dB and dBw
(see Appendix C for justification).

The dominant loss factor in Eqﬁation (5) is free space

‘loss. Other losses which occur include rain loss, antenna:

pointing loss, signal polarization loss, and coupling losses

between the reentry vehicle transmitter and antenna (7:A-2,A~

- 3). These losses are very small compared to free space loss,

and many of them (such as coupling lcss) depend On the
specific reentry vehicle design.‘ Thus it»is more convenient,
as well as practical, to group these losses separate from
free space loss and consider themllater. In the p:eliminary

planning stage of a space link system,- it may be most useful

to calculate the required signal strength, and then add a few

dB of antenna gain Or increase transmit power, to account for '

the as yet undefined losses in the 5ystem, The practice of

‘increasing the systen's performance so that t. - link is

maintained under less than idealvconditibns (such as less
than expected antenna gain)'is referred to as establishing a
link marginf‘.For the TDRS system the link margin is roughly

7.7 dB (7:A-8).

- 15




Required Power Concept.

The amount of power fequired at the sateliite rec:iving
antenna directly depends on the desired data rate. It will
be shown later that even without any modifications to the
antepnas of currently used reentry vehicles or the Tracking
and Data Relay Satellite, it is possible to establish a
communications link with a 1 x 10-5 bit error rate. Howevei,
the data rate of such a link would be unaccéptably low.

To compute the required power for the system, it is
necessary to use Eéuations (1),(2),vand'(5)..(Equations (3)
and (4) relate to the separate problem of trackihg and
pointing accuracy). Since the e*act required data rateé for
future systems are unknown, many different values are placed
into these equations later in this thesis, and various
combinations of variables are graphed. The relationship
between data rate and received nower is then'derived using

the sensitivity of the TDRS receiver as a base line.
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III. The Hardware

The Reentry Vehicles (RV)

Most reentry vehicles are cone shaped, with a typical
height of only 100 cm and a base diameter of 40 cm. - Electric
power is commonly pr;vided by a 28 volt battery. There is
not much space inside a reentry vehicle for a telemetry
system. The bulk of the RV is made up of the radar, guidance'

and control, and warhead sections.

A rcugh mission profile for a réentry vehicle would be:
sepération from the missile shortly after launch, attain a
maximum altitude of appruximately 637 km (17:24) attain a
speed of 3,000 meters per second‘(l?:ZSS), reach a spin
stabilization rate of 10 radians per second (95.5 rpm)
(17:255); and travel thousands of kilometers before impact
(17:294). It is desirable for reception of reentry vehicle
telemetry to be continuous ffom separation to impact
(including reentry if poséiblg). . |

The reentry vehicle antenna system usuaily consists 6f
three cavity.bagked slot antennas (see Figure 3) equispaced
aroﬁnd the cone. The transmitter power, usually 5 watts, is
equally divided aﬁong the antennas..‘it is‘commﬁh for reentry
Vehicles to have several.d;ffereht telemetry transmi;teré and
multiple sets of antennas. vInvadditioh, some RVs have a

single antehna protrudiné from their basé. Currently'séband

17
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Figure 3. Typical Reentry Vehicle .
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frequencies near 2260 MHz are used for data transmission.
Each data link may have bitrratesbof approximately 2506 to 750
Kbps. Thus, for RVs with multiplebtransmitters, the total
data rate could easily reach 1 Mbps. The standard maximum
allowable bit error‘rate (BER) is 1 x 10-5.

It is not necessary to go into greater cdetail about the
current design of reentry vehicles. The specific design and
performance parameters differ ftom one RV to the next, and
they are constantly changing as technelogy and missicn
requirements change. ﬁowever, there are several aepects
akcut reentry vehicles that are llkely to remain the same,
and they will influence the telemetry link de51qn. They are:

l.A High forward,velocity
2. High rotation rate
3. Limited thsicai space

4. Limited electrical power

5. Mhast endure’reentry of Earth's atmosphere

6. Tetal of 1 Mbps telemetry

7. Maximum bit error rate of 1 x 10‘5

. Note. that one possxble deSLgn option for relaylng the

reentry vehlcle telenetry to a satellite is to use a 51ngle,'
high gain, RV antenna. Comblnlng a11 the telemetry into one
link would mean that the data rate of that .link could-be‘;
Mbps or highe;;‘ This would involve a more sophisticated; and
probably higher pdwcr”transmitter (since battery power would

be dedicated to one rather. “han several transmitters).

19
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A less radical engineering change would be to retain

separate transmitters, (multiple transmitters do not

necessarily provide less efficient conversion of the limited

input battery power) but improve the antenna system.

The Satellite

The censtraints on the proposed telemetry relay
satellite are far fewer than those for the reentry vehicle.
The primary consicderation is the additional weight of a large
antenna. Currehtiy’the heaviest paylééd capabie of being
placed into geosynchronous orbit.by existing rocket boesters
(such as the Inertial Upper Stage, or IUS) is between 5,000
and 6,000 pounds (20:157), although this amcunt is certain to
increase over the next decade, with the intrq&uction of the
Centaur G-prire booster. The Tracking and Data Relay
Satellite is one.of the heaviest eommdnications payloads
placed in orbit to date{ weighing apptoximately 4,700 1bs

(20:154)._ The TDRS also has one of the largest receiving

antennas (4. 9vmf ever deployed in space. (The ADNS-6 .

satelllte launched 1n ‘1974 had a 9 1 meter antenna, but it
was used solely for broadcastlng (€:93)). It will be shown
later that 4 9 m is far too small an antenna for the. required
reentry vehlcle data rates. Thus antlnCtease in spacecraft

welght due to a larger antenna appears inevitable.

_Recently Lockheed Missiles and Space Company tested a
section_of a 55 m parabolic antenna (12:70). 1If current

schedules hold, a testvof this antenna will take place in

20
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space in 1588. The antenna'consists of 40-80 ribs (depending
on performance requirements), with a kﬁit wire mesh attached
to them. Each cf the ribs weighs 26 lbs. Assuming worst
case conditions (80'ribs) the antenna would weigh 1,600 1bs,
not coﬁnting the wire mesh and the central body to which the
ribs are mounted. Thus the spacecraft weight codld incfease

by as much as 2,000 lbs over the TDRS weight if this antenna

is used. The weight of the antenna is critical, as adding

2,000 1bs to the 4,700 lb TDRS would mean that the booster
rockets currentlj used in launches aboard the Space Shuttle
(such as the IUS) might not be able to lift the satellite
into geosynchoﬁous_orbit, 'Whiie a more péwerful booster ﬁay
be available by the time such a satellite is developed,'itfis
still desirable to plan conservatively and select ~£he
smallest satellite antenna possible. Anothervrestrictipn

worth noting is that the satellite and booster must be able

‘to fit into the 15 by 60 foot cargo bay of the space shuttle

(9:7.2) (the IUS is 16.4 £t long (20:157)). The performance.

‘of the 55 meter antenna is examired ih'the following chaptér

and is compared to the performaﬁce'of antennas of other

sizes.:

The Tracking and Data Relay Satellite is capable of

receiving S-band telemetry at a data rate of 1.024 Mbps with

a bit error rate of 1 x 10-5 when the received power at the

satellite antenna is only ~165 dBw (7:4-84). As shown in

' Figure 4, the log of the data rate is linearly related to the

21
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'received.signal level. From the graph it is easy to

determine what is the minimum_rebeived.power in order to

achieve a certain data rate (2.8 dBw has been added to the

- required signal level numbers as link margin for polarization.

loss). -Since there is a linear.relationship in Figure 4, it

can be shown that for the TDRS S-band single,access channel

(see Rppendix A for derivation):

Log (bit rate) = 0.1047 x (received dBw) + 23.2868  (6)

Similar figures and a mbdified-Equation (6) will he used

in the following chapter to evaluate the performance of

different size antennas.
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IV, The Sophisticated Satellite Approach

The Satellite

Table 1 shows various'characteristics of parabolic dieh
‘entennas aé they increase in size. The antenna diameters
range from approximately TDRS S-band antenna size to 85
meters (278.87 ft). All calculations were performed based on

"antenna efficiency of 40 percent and.a transmit“frequency of

2260 MHz.
Table 1°
Parabolic Antenna Characteristics
Diameter  Gain(dB) .Beamwidth' Footprint (km) " Refer to

Am) Eq (2) Eq (3) Eq (4) Figure " "

5 7.5 1.858" 1160.5 5
10 43.5 c.929 580.2 6
15 - 47.0 0.619 386.6 7
20 49.5 0.465 1290.4 ‘ 8
25 51.5 0.372 232.13 ' 9
30 53.0 0.310 193.6 10
35 54.4 0.265 165.5. - 11
40 55.5 0.232 144.9. 12
45 56.6 - 0.206 . 128.7 13
50 57.5 0.186 . 1l16.2 14
55 58.3 0.169 165.5 15
60 59.1 - 0.155 96.8 | ' 16
65 59.8 0.143 89.3 17
70 60.4 0.133 - 83.1 18
75 ~.61.0 0.124 o S 77.4 19
80. . 61.6 0.116 72.4 . 20

85 62.1 0.109 . 68.1 21

Thls frequency was chosen because it is a common S-band
telemetry frequency, and becauqe lt is the approx1mate

f:equency used for the TDRS performanCe graph in Figure 4.
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The TDRS performance is the basis for calculating the
performance of the antennas listed in Table 1. The TDRS
receiver was salected for use in this thesis as it was
designed specifically for receiving telemétry frpm a low
power source, and because it is representative of the state
of the art hardware that is currently operating in séace.
Thus the same frequenéy used for the TDRS must be used for

calculating antenna gaih, beamwidth, footprint, and

~performance since all of these variables depend on the

wavelength of t.'2 transmitted signal.

The performance of the antennas listed in Table 1 are
givén in Figures 5 thru 21. The performances were detérmineé
by removing the gain of the TDRS S-bandvreceive antenna, 37.3

dB (15:422) (see also Appendix B on antenna efficiency), and

‘then replacing it with the gain of the antennas from Table 1..

- For example, a bit rate of 1.024 Mbps requires a minimum

received signal level of -165 dBw for TDRS. Without the TDRS

antenna, the required signal level would be: =165 dBw + 37.3

dB = =127.7 édBw. 1If a‘30 meter anténna isvused, then the
required signal level for a 1.024 Mbps data rate would be
only'-127.7 dBw -53dB = -180.7 dBw. 2As expectea, the largef,
antenha'alloﬁs the same data rate given a weaker signal. In
féct the 15.7 dB increase in af -

tenna gain has enabled the

same data rate to be achieved with a 15.7 dBw weaker signal.
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Thus, there is a one to one relationship between dB antenna
gain and dBw signal level.

The concept of examining the rncreased’gain of an
antenna over the TDRS antenna can be put to use in the

following equation:
Log (bit rate) = 19,1047 x (received dBw +4) + 23.2868 (7)

where

4 = New antenna gain - TDRS antenna gain

'Eeuation (7) is exactly the same as Equation(s),except
for the 4 term. By modifying the equation governing the TDRS
performance (Equation (6)) it becomes possible to predlct the
perforwance cf any satelllte antenna used in combination w1th
the TDRS. receiver. Use of Equatlon (7) may provide a more
accurate estimate of the power necessary to acnieve a certain
bit rate than estimating numners-directly from Figures 5 thru
21. However, Equation (7) should be regarded only as a rough
guideline for planning'purposes.» There are sovnany'variab;es
involved that it is difficult to arrive at a more accurate
estimate without'mere specific information.' For exanpie, the
antenna efficiency factor used in gain calculatious (Equation
t2)) was 40 percent, but it could have easily been 30
percent. This would have reduced the gain of a 30 meter

antenna from 53 to 51 8 dB and lowered the bit rate for a

glven signal strength (Equatlon (7). The effect of changlng'
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antenna efficiency is examined in Chapter VII. Ancther

unknown is the amount of loss that is inhéxent'tb tﬁe
satellite design (such as the coupling loss tetween the
satellite receiver and the antenia). |
Once the limitations on Equation /7)'s acCu:acy are
understood; it can be judiciously used t6~vpredict
performance. Equation (7)'s predicticns will bg as v;lid és
the assdmptions of the variablesvused; Thg ﬁajér impeﬁiment
to obtaining an accurate prediction of performahée ié the
fact  that vafiables and equations are so interdependent.
(For example, the results ¢f Equation (2) mus% be éiaced into
7Equation (7)). 1f each variable has a 10 percent
uncertainty, the net result will have a muéh greater

‘uncertainty.

The Reentry Vehicle (RV)

For the spphisticated satellite approach, @odifications
tolﬁhe reentry'vehicle are minimal. Some minor imgrovemeﬁts
could be made in the antenna system, however. The"gaih of
the long’slot Eurrently usea is not very high, and 1is

approximately given by (18: 545).

10 Log 2w | | (8)
A . :
.where
w = width of the slot
A= wavélendth of signal
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?or a typical width of 0.08 m and a frequenc& of 2260
MHz. the gain is'oniy 0.8 dB. 1In addition, the 5 watts of
transmit power must be split among 3 antennas. The signal
strength gt the satellité under these‘conditions would be

(from Equation (5)):
10 Log (5/3) - 190.56 + 0.8 = -187.56 dBw (9)

This is an exceptionqlly'low signal strength. However,
for a 65 meter satellite antenna (see Figure 17 or use
Equation (7)), it is poésible to achieve a . data rate in
excess of 1 Mbps. This.is without any modifications to
existing reentry vehicles. Noté that based on ligure 4, a
data rate of 4,000 bps could bé established between the TDRS
and currently uhmodified reehtry'vehicles. However, this is
a far too slow data rate.

~Although al65 m diameter parabolic antenna would
certainly solve the problem, this is véfy large for an Earth

based antenna, let alone a srace antenna. (Recall that the

. ATS~6 antenna was 9.1 m (6:93) and the TDRS antenna is only

4.9 m in diameter (15:416)), Thus it would be‘;dvantageous
to'increése the gain ofvthe'reentry vehicléfs.signal,'theréby
réducing thé requifed si;eyof tﬁe satellite's recéiving
antenna.- |
A'siM§1e.improvement.would be to have a;hi§her gain'
antenna, sgch as a monopolé or dipole,'protrude from the base

of the reentry vehicle. Some reentry vehicles already have
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an antenna protruding from their base (see Figure 3). One
advantage to this approach is that all five watts of transmit
power would be dedicated to one antenna. There may be less

coupling loss between the transmitter and one antenna than

- Wwith three zntennas. If a dipole antenna is used, and it

provides (as discussed in Chapter II) 2.148 4B gain, then
from Equation (5) the signal stfength at the satellite would

be:
AlO Log (S5) = 190.56 + 2.148 = -13;;4 dBw (10)

From Figure 10, or Equation (7), it can be shown that a
30 meter satellite antenna would allow a data rate of
approximately 748 Kbps for this received signal strength.
Thus, with slight improvement in ;he reentry vehicle's
antenna system and no increase in transmit power (increasing

power and fregquency are discussed in Chapter VII), an

acceptable data rate can be obtained with a 30 meter, 40

-percent efficient, antenna. Since the required satellite

i

antenna diameter can be cut in half by a modest improvement
in reentry vehicle antennalgain and devoting RV transmitter
power to one antenna instead of three, it may be most

prabtical-to.modify the current reentry vehicle design, even

if there are many reentry vehicles and only one satellite.

Analzsis
If the sophisticated satellite approach is taken, a cost

versus benefit analysis must be performed to determine the
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optimum combination of improyementS-to the satellite and
reentry vehicle. As described earlier; the first space teet
deployment of a section of a 55 meter antenna is
approximately four years away. This antenna design could be
scaled uv to 85 meters, howeve: the added cost, weight (can
it be launched), and design time are allyunknowns; These
three factors must be balanced against the cost of nodiinng
the reentry vehicles. The design time and additional -weight
due to modifying an RV would probably be minimal. The cest
of modifying an 'RV would probably be small as well.' However,
which would be more expensive over the five to ten year life
of the satellite: redesigning many reentry vehicles;'or a one
time modification and launch of a very large spaceuantenna?
After the RV design change is implemented; is the new RV
more, less, or just as expensive to manufacture than the old
RV?

It is p0551b1e to achxeve an acceptable data rate using
a variety of satellite antennas and minor reentry vehlcle
modifications. So far, the performance of 17 aifferent

satellite antennas-have~been examined. The required data

rate w111 dlctate the required receive signal level for each.

‘antenna. Thls in turn determines how much galn the reentry

vehicle's antenna must provide, and how much modlflcatlcn to

the RV is required. The cost versus benefit analysis

' mentioned.earlier is proposed in Chapter VIII as an area for

further study.
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V. The Sophisticated Reentry Vehicle Approcach

The Reentry Vehicle {RV)

The second approach to establish a data link between a

$

'reentry vehicle and a satellite is to drastically increase

the level of sophistication of the RV. Two different RV

orientations are considered in this chapter, since the

characteristics of reehtfy vehicles are always subject to

ehange. In this section, the attitude of the RV is assumed
to be constantly changing throughout the fligtt. This is
usually not the orlentatlon of current reentry vehicles. The
second and more prevalent case of a constant RV pitch angle
is discussed in the following section.

Figures 22'end 23 show one possible design for the
case of changing attitude in'its stowed and deployed

configurations. A sinqle 14 cm diameter parabolic dish

‘antenna is used to transmit all of the telemetry. As stated

previously, the total data rate of a reentry vehicle could

reach 1 Mbps. -

The choice of 14 cm as ‘the diameter of the antenna is

erbitrary. In thls case it is approxlmately one third of the

- 40 cm base of the: reentry vehicle. A major factor_in

determining how'large this antenna can be is its structural

integrity. The antenna must be able to survive the

vibration, air turbulence, and thermal effects assocxated
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PARABOLIC ANT:ENNA

S DIRZCTION OF
. o - ROTATION

POINTING
CONTROL
DEZVICE

ELBOW JOINTS SLIP RING

Figure 22. Proposed Sophisticated Reentry Vehicle
Deployed Configuration (angled view)

—_—

" DIRECTION
oF
FLIGHT

.........

Figure 23. 'Pfoposed Sophisticated Reentry Vehicie.
Stowed Configuration (side view)
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with reentering the Earth's atmosphere. The feentry vehicle
structure in front of the antenna acts as a shield against
these effects. The larger the antenna; the greater the
intensity of reeﬁtry effects on it. A separate analysis
should be performed to determine what ﬁhe maximum diameter
could be without riéking structural damage to the antenna
system (this i§ recommended for further study in Chapter
VIII). '

The proposed antenna willlbe.muqh more directional than
the dip&le of the previous chapter, héving a 3 dB beamwidth
of 66 degrees at 2260 MHz (Qsing Equation (3)). One
disadvantage of the ﬁarrerr beamwidth is that ground
tracking stations will no longer be able to pick up the
telemétry signal. Of cdurse, thevéurpose of having a relay
satellite is to eliminate the need . for ground tracking
stations. Héwever, it would be a prudent bonus to havé a
backup telemetry receiving cépabilitY.in the event of
satellite failure. |

The prima:y'disadvantage of using a ﬁOre directional
antenna is the necegéity for'acéurate pointing toward the
satelliie. As éhown in' Figure 22; a bointinq control. device

would be required to change the position of an elbow joint.

'Rotation of the joint would, in turn, rotate the antenna.
. Since reentry vehicles typically rotate' for stabilization, a
'8lip ring would be necessary at the base of the RV. The slip

. ring couples the rotatihg wéve,quide inside the RV to a non-

50

......
-------------------------------------------




rotating wave guide leéading to the antenna.

The proposed antenna system would involve the use of two
motors, each manipulated by the pointing ¢ontrol device. FA
motor inside the slip ring turns the antenna-wave guide
combination in the opposite direction of reentry vehicle
rotation, ' effectively reducing the antenna rotation rate to
zero. A motor lqcated directly behind the antenna controls
the position of the last elbow joint. By-mapipulating these
motors the pointing'dévice can aim the antenna in virtually

every direction.

Thus, the complexity of the system is vastly increased

over the minor changes in the previous chapter. There are

mechanical problems such as deploying the antenna,

maintaining structural integrity through reentry, and the use

of small,'light weight, and yet preqise mdtors. Then there
are the electrical control problems to consider. The
satellite will have to emit a beacon signal for the reentry
vehicle to lock on to. The pgintiﬂg device must determine
the propér commands to send éo the motors, baged on the
strength of the received beacon Eignal. A'mictocomputer may
be necessary inside the oiﬁting control &evice'ﬁo make

decisions and send commands.

On the positive side, the wide 3 dB beéamwidth of the

reentry vehicle antenna (6|6 degrees) significantly reduces

the required pointing accuracy. The antenna could be as much

as 33 degrees off ;arget\wmthbut a noticeable degradation in
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performance. Also, the rate at which the antenna position
rneeds to be changed is very slow since the receiving
sétellite is approximately 35,700 km away. Table 2
illustrates this point. .

In Table 2, the look angle is defined as-the'anglg
between the Earth horizon andbthe ged;ynchronbus orbit
satellite. The horizon in the direction of reentry vehicle

travel is 0 degrees. A vertical line perpendicular to the

Earth's surface is 90 degrees. The antenna pointing angle in’

Table 2 is defined as the angle of the reentry vehiclg
transmitlantenna relative to'the cone shéped body of ‘the
reentrf vehicle. When the antenna is pointed'toward the base
of the feentry vehicle the antenna is at an;angle of 0
degrees. When tﬁe antenna is pointed directly away from the
reentry vehicle, and‘in the opposite direétion of RV travel,

the antenna is at 180 degrees.

Table 2

"Reentry ?ehiclé Antenna Poiﬁting Angles

RV Travel : Look Angle ' RV Antenna Pointing

Distance (km) - {degrees) , ~'I\ngle {degrees)
0 . 83.6 o 18.6
. 4,000 : 90.0 90.0
- 8,000 , 96.4 ’ 171.4°
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From the start to the termination of telemetry

transmission, the reentry vehicle is continuously changing

attitude (17:182) and may undergo as much as a 140 degree

changevin pitch. The tip of the reentry'vehiclé cone is
typically pointed away from.the Earth during the ascent stage
and toward the Earth éuring-the descent stage. For the
antenna pointing angles given in Table 2, it was assumed that
~when the RV was ejécted from the missile, the angle of the
nose cone relative *o the Earth horizon was 65 degrees;‘If
the distance travelled by the reentry vehicie'is

~approximately 8,000 km and the satellite is 35,700 km above

‘the hglfway'point of the RV's trajeéfory, then the look angle

at launch is given by:

Look Angle ¢ = tan-l(35;700>= 83.6 degfees {11)
I : 4,000

I1f the reentry vehicle's pitch di& not change during
flight, the total change in antenna pointing angle wéuld be
12.8 degrees. Howevéf, the réentry vghicle may undérgo.a
: éhange in pitéh of as much as 140 degrees, wakingvthe total
change in anuénnavpointing angle 152.8 degrees. If thé
avefage speed of the reeptry~vehic1e'is-3,300 meters per

second, it'would.take the RV approximately 40 minutes'to

travel 8,000 km. This implies that the reentry vehiéle'

~antenna would have to be moved at a rate of 3.8 degrees peri

minute throughout the flight to track the satellite.
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The slow antenna pointing rate of 3.8 degrees per
minute, combined with the antenna beamwidth of 66 deérees
significantly relaxes the required performance of'a pointing
control device. As an alternative to a sophisticated
poiﬁtihé control device,'a simple timing meéhanism may
providé sufficient‘pointihg accuracy. Tﬁe tiﬁing mechanism
would be preprogrammed to change the antenna position by a

certain amount duringlthe flight.'The‘preproqtammihg would be

based on the location of the satellite and the planned flight

path of the reentry vehicle. Sbme of the advantages of a

timing mechanism over a pointing control dJdevice are

elimination of the need for a sate}lite beacon and a

controlling microcomputer aboard the RV. One disadvantage is‘

that any anomaly.causing'a'reentry véhicle-to significantly
deviate from its preprograﬁmed flight path would also cause a
loss of telemetfy. |
After all this effort, how much gain is actually
achieved? From Equation_(zs; the gain of a 14 cm parabolic

antenna is:

10 Log ( #{(0.14)\2 (0.4)] = 6.4 @B
- 0.133 ) . s

(12)

o

for 2260 MHz and assuming 40 percent“efficiency. This is an’

improvement of only 4.2 dB.oVer the much more modest dipole
antenna proposed 'in the previous chapter. Thus the benefit
of a significant increase in. the level of sophistication does

not appear to‘justify the cost. Your judgement should be
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reserved, however, until the analysis section of thisg

chapter.

Constant RV Pitch Simplifies Problem

As stated previouély, the total chanée in antenna
pointing angle would be only 12.8 degrees if the pitch of the
reentry vehicle did not change during the course of its
flight.' Thus it is appropriate to consider the advéntage§ of
the cufrentl&'used method of maintaining a relatively
constanf'RV pitch throughout the flight. immediately upon

' separation from <-he bboster, the reentry vehicle could
rotate uniil the noge of the RV is in the proper attitude
for reentry. The RV would remain in this attitude throughout
its entire trajectory (17:208). Figure 24 illustrates this
point. | | '

. The 14 cm transmit antenna would be rigidly bolted onto
the base of the RVt Recall that the RV antenna has a 3 dB

.beamwidth of 66 degreés. This should be more than sufficient
tc ailow for small errors in reentry vehicle pitch as well as
‘the 12.8 degree change in the look anélé'as the RV moves
across the Sarth's surface. Note in Figure 24 that the 66
deqfeé beamwidth is sufficient to allow continuous reception

of‘the telemetry signal, even if the reentry point is half

way around the world from the booster separtion point. The

'orbital position.of the satellite must be confined to a,Sméll

.section of the geosynchronous orbit in order to continuously
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e

remain in line of sight with the reentry vehicla:., As the

reentry angle of the RV becomes steeper, the allowable’

variation in satellite location becomes smaller,
Fastening the 14 c¢m antenna to the base of the reentry

vehicle would significantly reduce the sophistication of the

RV depicted in Figures 22 and 23 without affecting cdata rate

performance. The rotation of the RV and all the other
problems involved in pointing the reentry vehicle antenna at

the satellite would be eliminated.

The Satellite

The primary effeét of increasing the gain of the'reentry
vehicle antenna is to reduce the fquired phyéical size of
the satellite antenna. This ié hiéhly desirable, since a
smaller antenna would decrease the satellitg's size and
we;ght {making it less ékpensive'to place the satellite in
orbit). It would also probably decrease the cost of the
satellite. A

Given a reentry vehicle antenna gaiﬁ of 6,4:dB, the
received signal level at the satellite would be (from

Equation (5)):
10 Log (5) - 190.56 + 6.4 = =177.2 dBw (13)

Again, a frequency of 2260-MHz is assumed. A five watt

transmitter is assumed so the results can be compared with

the dipole of the previous chapter.

Compare the =177.2 dBw signal level. to the received

57

-
)
-
* -
»
A5
-

O
".‘l




signal level if a reentry vehicle dipole antenna is used

(previously calculated in Equation (10)):

10 Log (5) = 190.56 + 2.148 = -181.4 dBw (10)

Thus an improvement of 4.2 @d3w is obtained due to the

4.2 dB increase in reentry vehicle antenna gain. Recall thet
in Chapter IV it'was shown that a 1 dB increase in safellite
antenna gain allowed the same data rate to be achieved with a
1 dBw weaker received signal. The cohclusion then is that
adding 1 dB gain to the satellite antenna has tk;e same result
as adding 1 ¢B to the reentry vehicle gain. Thus, it does
not matter which end of the telemetry link receives the
additional gain, as the perfcrmance .will beAthe same.
Ittfollows then that'imprdving the reentry vehicle gain

by 4.2 dB will reduce the required satellite antenna gain for

a specific data rate by 4.2 dB. This in turn will reduvce the

r quined antenna diameter.

Tge amount of reduction in satellite antenna diameter
can be obtained by using the results in Table 1. of Chapter
IV. Note that doubling'thé antgnna diameter results in a 6
dB increase in'gain. For exahple,'a.s meéter ahtenga has 35.5
dB gain and a 10 me£er antenna has a 43.5 dB gain;'a 15 meter

antenna has a 47 4B gain and a 30 meter antenna has a 53 dB

4.2 dB reduction in gain can be calculated by selecting an

aptenna from Table 1 at random, subtracting 4.2 dB gain, ‘and
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then using Equation (2) to find. the new antenna diameter.

For example, using a 10 meter antenna:

43.5 - 4.2 = 10 Log[(o 13d)2 (0.4)]

103.93 =[(t1ﬁ%)2 (o.4>]

145.87 = = d
0.133

d = 6.18 meters (14)

The new diameter of 6.18 meters is 61.8 percent of the
original antenna's'diameter. Similar results are obtained

when other antenna gains are used in Equation (2). Thus, for

a 40 percent efficient antenna, a 4.2 dB increase in reentry
vehicle antenna gain, would result in a satellite antenna 61.8

percent the size of the original antenna.

Analysis

At the end of the reentry vehicle section of this
chapter, it was stated that the 4.2 dB increase in gain over

the dipole proposéd in Chapter IV might not justify the’

- expense of increasing the sophistication of the reentry

vehicle. In order to'detérmine if_the'expense is justified,

it is necessary to compare the expense to the cost saved on

the satellite.
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Table 3 shows the 61.8 percent reduction in reguired
satellite antenna size due to increased reentry vehicle gain
from 2.2 to 6.4 dB. Note that for a 5 meter antenna, a
reduction of 1.91 meters is obtained."This reductien is not

significant. For this size antenna, neither the weight nor

its physical dimensions pose a problem for launching the

antenna aboard the Space Shuttle. Also the cost savings in
producing an antenna 1.91 meters smaller should be

negligible. For an 85 meter antenna, nowever, the reduction

in sire of 32.47 meters becomes 51gn1f1cant in terms cf

welght, available space in the Space Shuttle cargo bay, and

manufacturing and launch costs.

A . R
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Table 3
{ .‘. Satellite Antenna Reduction Due To Increased
Reentry Vehicle Antenna Gain
Satellite Antenna New DiameterIGiven Reduction in
. Diameter (m) 4.2 dB Added RV Satellite Antenna
i ~Antenna Gain _(m) Size (m)
: s . . 3.09 191
10 ‘ o 6.18 i 3.82
15 : 9.27 - 5.73
20 o - 12.36 - 7.64
) 25 ' . 15.45 : 9.55
: 30 ‘ ' 18.54 : 11.46
. 35 21.63 , 13.37
: .4 0 . 2 4 Y 7 2 ) ]. 5 . 2 8
. 45 : . 27.81 : 17.19
: - 50 .- 30.90 . : 19.10
. 55 L ’ 33.99° - . 21.01
60 o o 37.08 . 22.92
.65 ' 40,17 © - C _ . 24.83
70 . 43.26 26.74
75 46.35 7 28.65
80 49.44. ‘ , 30.56
- 85 52.53 "32.47
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The cost.savings of a satellite with a smaller antenna
occurs once, while the added expense of manufacturing a

reentry vehicle more sophisticated than the one proposed in

the previous chapter occurs perhaps. thousands of times over .

the lifetime of the satellite. An analysis of the cost
savings of reduced antenna size versus incre#sed reentry
vehicle cost is £ecommended in Chapter VIII. This analysis
differs slightly frdm the analysié mentioned in Chapter 1IV.

There, the analysis concerns whether or not any RV

"modification should be made at all.. Any reentry vehicle

modification would be minimal,‘with RV antenna gains ranging
from 0 to 2.2 dB. In this chapter, the analysis being

proposed is an evaluation of just the increase in cost of a

' sophisticated reentry vehicle over and above the cost of the

modest changes proposed in Chapter IV. Note that the

reductions of satellite antenna size in Table' 3 are based on

the added gain of a3 14 cm parabolic antenna over the dipole-

of Chapter IV, not the current reentry vehicle configuration

of cavity backed slot antennas.
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VI. Comparison of Approaches

The most conservative course of action in pursuing the
investigation of a reentry vehicle to satellite ﬁelemetry
link would be to perform further analeia on the
sophisticated satellite approach flrst. -After this analysis

is complete, the advantages and dlsadvantages of 1ncreasan
reentry vehicle sophistication should become clearer. A
decision can then be made as to whether a anphisticated
reentry vehicle should be analyzed in detail. The cost of
manufacturing many sophisticated reentry-vehicies appears td
be much nigher than modifying one satellite. Also it should
be noted that reentry vehicles are expendable itams. .Even
test RVs without a warhead are usually used only once. Thare
is not much incenfive to spend more than the absolute minimum
on a device whose operationai 1ifetimehis only approximately
40 minutes. |

' However, a person's approach to the pronlen.may depend
largely on hls or her point of v1ew. ‘For éxample, some

readers of thls the51s may have set a goal cf developlng a

very sen31t1ve satellite with a large antenna. The -

development of such a satellite' would require extensxve

justlflcatlon. The data in Chapter 1V would prov1de some of

the supporting arguments for a sophlstlcated satelllte. on

the other hand, some readers may be interested solely in
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researching possible future designs of réentry vehicles.
Both Chapters IV and V provide some ideas of where RV design
could lead.

The bestbapproach to take is not always the easiest or
cheapést, and the reader's point of view will be one of the

main factors in deciding which approach to take.
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VII. Other Variables

Transmit Power

The effect of increasing transmit §6wer can be found by
using'the reéeived signal strength equation (Equation (5))
and ;hé performance equations‘lEquation (6)cu'(7n. For 5
watts 2f transmitting power at 2269 MHz, the received signal
strength at the satellite has previously been shown to be

(for a reentry vehicle with a dipole antenna):
10 Log (S5) = 190.56 + 2.148 = -181.4 dBw (10)

Using Equation (6), the bit rate for the TDRS at this level

of strength is:
Log (bit rate) = 0.1047 (-181.4) + 23.2868
bit rate = 19,700 bps . ~(15)

This is the bit rate for a 4.9 meter satellite antenna and a

.5 watt transmitter.  If.the transmit power of the reentry

~ vehicle is increased to 10 watts the received signal level

Qould Be:

10 ng (10) - 190.56 + 2.148 = -178.4 dBw | (16)

As expected, doubling the transmit power has increased

the receivgd signal level by 3_dB. The resulting bit rate is:
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Log (bit rate) = 0.1047 (-178.4) + 23.2368
bit rate = 40,580 (17)

Thus, doublin§ the transmit power has the effect of
increasing thg m‘ax-imum allowable bit rate (fof alx1l0-5Dhit
error rate) fromA19,700 to 40,580, a 106 percent increase.
Table 4 lists the bit rates for.various power leels.  All
values are based on a simple dipole antenna for the reentry
vehicle.  Note that incréasing.the‘transmit power from 10
watts to 20 watté also fesults in a 106 percent increase in
the bit rate. Thus, doubling the transmit power slightly

mor= than doubles the bit rate.

Table 4
Effect of Increasing Transmit Power

on Bit Rate Using a 4.9 Meter Satellite Antenna

Transmit Power . , Maximum Bit Rate
(watts) _ (bits per second)

5 - 19,700

10 40,580

15 o -~ 61,863

20 g 83,606

25 : h 105,610

30 127,823

35 . - . 150,211

40 _ 172,751

The priMa;y advantage of increasing_reehtry vehicle
transmit power is the reduction in the required gain of the
satellite antenna. This reduction in gain would allow a

, significant reduction of the diameter of the antenna. It has

65

st h vt et e tae - . . . . ; . . .
A R T T N A O

ST T
A A A
L AR R R

P I PR « ot
S TR
o & ¢ - P s e e




just been shown that doubling the trénsmit power will
increasé the received signal strength by 3-dB. Similarly,
increasing the reentry vehicle antenna gain by 3 dB would
also increase the received signal strength by 3 dB. It has
previously been shown that a 1 dB increase in reentry vehicle

antenna gain has exactly the same effect as increasing the

satellite antenna gain by 1 éB. Thus, doubling the transmit

power, or increasing either the satellite or reentry vehicle
antenna gain by 3 dﬁ would have exactly the samé effect on
the maximum allowable bit rate for the telemetry link. This
leads to the conclusion that doubling the transmit power
would allow'a 3 dB reduction in satellite antenna gain‘while
still héintaining the same bit rate.

Figure 25 shows the effect of increasinq transmitter
power on the required satellite antenné diameter for bit
rates of 1.0 aﬁd 0.5 Mbps. As expected, a lower bit rate
shifts the curve to the left. fhe curve is also slightly
steeper fgr a lower bit rate. The actual‘nﬁmbers for the 1.0
Mbps data are listed in Table 5. The required satellite
: éntenna diameter is calculated through.the_use'of Equations
(2), (5), and (7). First,;Equation (5) is used to ;alculaté
received signal level given a speEific transmit power. For
examplé,_in Eéuation (10) the received,signal 1evéi for a 5

watt transmitter was calculated to be ~181.4 dBw. Next, the

reqﬁired satellite antenna gain must be calculated from

Equation (7). However, for this purpose it is most useful tb
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rearranée Equation (7) as follows:
Log (bit rate) = 0.1047 x (rec dBQ'+ A ) + 23.2868 (7)
Log (1 x 106) = 0.i047 (rec:dBﬁ) + 0.1047 (g = 37;3) + 23.2868
-17.2868 - 0.1045 (;ec déw) = 0.1047g - 3.9053

-127.8 - (rec dBw) = g C(18)

40
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TRANSMIT POWER (watts)
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. SATSLLITZ ANTZNNA DIAMETZR (m)

Figure 25: Transmit Power Versus Satellite
Antenna Given a 1.0 and 0.5 Mbps
Rate and 2.148 4B RV Antenna Gain
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Table 5 ’ SR
Transmit Power Effect on Satellite Antenna Diameter

Given a 1.0 Mbps Data Rate and 2.148 db RV Antenna Gain

Transmit Received . Req'd Satellite Req'd Satellite Egﬁg
Power Signal AntennaGain Antenna Diameter N
(watts) - (dBwW) (dB) (m) . , -

5 . -181.4. 53.6 32.0

10 -178.4 50.6 22.7

15 -176.7 48.9 i8.5
20 -175.4 47.6 16.1 S
25 -174.4 46.6 14.3 -
30 -173.6 45.8 13.1 e
35 -173.0 45,2 ~ 12.2 . SR
40 -172.4 - 44.6 11.4 . S
where ’ ' : : . | —
‘g = requiréd gain of the satellite antenna in dB in e
order to achieve a 1 Mbps data rate. T
For example, in Table 5 a received signal level of —
-181.4 dBw results in a required satellite antenna gain (from E;_i
Equation (18)) of 53.6 dB for a 1 Mbps data rate. S
' S
. Next, Equation (2) can be rearranged to yield the =

- antenna diameter required to obtain a certain gaih: s

g = 10 Log[(lg)z n} ' . 2y - S
, A ’ ) . , oo
.ﬁ.\/io g/10 « 0.4 = 4 ' (19) ok
” \ . . _..:-:.;

For the case of g = 53.6 dB and A = 0.133 (£ = 2260

MHz), Q@ = 32'méters. In other words, for an RV with a dipole
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antenna and é 5 watt transmitter, a ; Mbps data rate can be
achieved with a 32 meter diameter satellite antenna.

Note from Figure 25 that an increase in transmit power
from 5 to 10 watts for a 1 Mbps rate results in a re¢uction
of 9.3 meters in the reqﬁired satellite antenna diameter.
Adding an additional 5 watts (total of 15) résults in an
additional antenna reduction of only 4.2 meters, and going
from 15'to'20 watts results in a mere 2.4 meter reduction.
Thus, there is a aefinite diminishing return for increasing
transmitter power. A reduction in antenna diameter of 9.3
meters by increasing transmitter power to 10 watts should ?e

significant in terms of satellite cost and launch cost.

Table 6
Transmit Power Effect on Antenna Diameter Given a

0.5 Mbps Data Rate and 2.148 dB RV Antenna Gain

‘Transmit Received Req'd Satellite Req'd Satellite

Power Signal Antenna Gain Antenna Diameter

(watts) (dBw) (dB) {m)
5 . -181.4 50.7 ' C 0 22.9

10 -178.4 47.7 16.2 -
15 -176.7 46.0 . 13.3
20 . . =175.4 44.7 ' 11.5
25 +=174.4 43.7 10.2

30 , -173.6 42.9 . 9.3
35 - =173.0 . 42.3 ' 8.7

: - 8.1

40 -172.4 o 41.7

The actual numbers.fcr'the O.S'Mbps data rate in Figure

25 ére listed in Table 6. The values were calculated in a'

similar fashion to those iﬁ Table Sfexcept that instéad of
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Equation (18), Equation (20) was used.

-130.683 - (received dBw) = g N (20)

The slight difference between Equatiohs 118) Ana-(ZO) is
due to the fact that the former was derived’with'all MBps
.data.rate, and the latter Qith a 0.5 Mbps data rate. Note
that the 0.5 Mbps curve in Figure 25 is slightiy-steeper-than
Ithe one for 1 Mbps. An increase from 5 to 10 watts of
transmit power results in only a 6.72 meter satelllte antenna
reduction (as compared to the 9.3 meter reductlon for the 1
Mbps rate). Increasing from 5 to 10 watts results in a 2.97
meter reduction.(compared to a 4.2 meter-reducrion for 1
Mbps) .

The primary disadvantage of increasing transmitter power

is the increased cost associated with the reentry'vehicle{

The same arguments against the sophisticated reentry vehicle
approach in Chapters V and VI apply here. There are

thousands of reentry vehicles on which more money would be

spent, and the cost savings wouldvapply"tofonly one

satellite.
Recall that doubling the transmitter power has the .same
afféct on the telemetry link as increasing the reentry

vehicle gain by‘3'dB._ If a decisioh is made to increase the

money spent on the'reéntry vehicle, it would be worthwhile to

perforh a cost analysis to determine which iS'fhe'cheapest

way to increase the recelved signal strength. It is

suspected that for small 1ncreaseo, 1mprov1ng-antenna design
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would be less expensive than modifying the transmitter. For
large gain improvements, however, both antenna and
trahsmitter modifications may be equally prohibatively

costly.

Frequency

One method of tryin§ to impro&e the bit rate of a
reentry vehicle to satellite telemetry data link without
increésing transmitter power or antenna gain islto increase
the transmitting f;equency. The primary disadvantagé of
increasing frequency is that theé footprint of the satellite
antenna-beam on the Earth is‘reduced. This, in turn, imposes
stricter requirements fof antenna pointing accuracy. Tablé 7
showsltheveffects of increasing frequency on free épace loss,
sateliite antenna gain, and footprint for.a 55 meter ahtenna.
Equations (1) thru (4) were used to calculate these values.
Frequencies above'10 GHz were not considéred because of the
increase in rain loss at those frequencies.

- Note how rapidly‘the foqurint‘decreases as‘ffequency is
increased. A fcatprint of 23.8'kilome£ers'imp1ie§ a
satellite énténna‘beaﬁwidth 6f 6n1y‘0.0382 degrees.
| The required pointing ECCuracy of the antenha wopld be
one ha;f that figure, or 0.019 degrees. It'should be
recalled thathhe more massive the antenna, the more -

difficult it is to point the antenna with the same accuracy.
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Table 7

Effect of Increasing Frequency'

on a 55 Meter Parabolic Antenna

Frequency Free Space Antenna Gain 3dB Beamwidth Footprint

(GHZ) Loss (dB) (dB) (degreas) {km)
1 -183.50 55.20 0.3818 238.5
2 -189.50- 61.22 ©0.1909 119.2
3 -193.05 64.75 0.1273 79.5
4 -195.56 67.20 0.0955 59.6
5 -197.50 69.19 - 0.0764 47.7
6 =199.900 70.77 0.0636 39.7
7 =200.40 +72.08 , 0.0547 34.2
8 -201.60 73.27 0.0477 29.8
9 -202.70 74.38 0.0420 26.2
10 -203.50 75.21 0.0382 23.8

Another very important fact that can be inferred from

Takle 7 is that the increase in satellite antenna gain is

~ exactly cancelled out by the increase in free space loss. 1If

columns two and three of Table 7 are added, the result would

pe a net reduction of approximately -126.16 dB for - each

frequency. . Thus the amount of improvement in the telemetry

link due to increasing frequéncy can 'be determined by

examining ' the antenna ofvthe reentry vehicle.

For

antenna used 'in the simple reentry vehicle, the le

dipole varies with wavelength and its gain is apj

'2.148 dB regard;eés of frequency. Thus,

sophisticated satellite approach of Chapter 1V,

the frequency will not improve the telem

Ihprovement will be obtained only if the reent

. antenna gain improves with frequency.
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For the .sophisticated reentry vehicle approach, the 0.14
meter RV antenna's gain wiil improve with inbreasing
frequency. Table 8 shows the improvement in gais for this
antenna and the decrease in the antenné's'beamwidth.' Note
that the pointing accuracy fcr the reentry vehicle's antenna
must increase as the béamwidth decreases.. ﬁbwever, even at

10 GHz there is still a large allowable pointing error of 7.5

degrees. The maximum allowable pointing error is one half of

the beamwidth (just. as the maximum allowable pointing errcr

for the satellite antenna is one half its béamwidth);

Table 8
Effect of Inéreasing Freduency,

on a 0.14 Me:ter Parabolic Antenna

Frequency Antenna Gain 3dB Beamwidth Maximum Pointing

{(GHz) (dB) (degrees) Deviation (degrees)
1 -0.66 150.0 - 75.00
2 5.36 75.0 - 37.50
3 8.89 . 50.0 , 25.00
4 11.38 37.5 - ,-.18.75
5 13.32 © 30.0 , 15.00
6 - 14.91 o 25.0 . 12,50
7 16.22 21.5 v - 10.75
8 17.41 18.8 9.40
9 18.52 : . . 16.5 - C 8.25
10 .19.34 . 15,0 ' 7.50

" The values in Table 8 are depicted in Figures 26 and 27.

Note that the effect of increasing frequency are not linear.

The benefits of increasing frequency by 1 GHz diminish with

‘increasing frequency.
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FREQUeNCY (GHz)

10

M

GAIN (dB)

Figure 26. Freguency Versus Gain For a 0.14
o ‘ Meter RV Antenna
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Figure 27. Frequency Versus Maximum Allowable Poihting
‘ Deviation for a 0.14 Meter RV 2antenna
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There is a tradeoff between the bénefits and costs of
increasing frequency. The cost of t;ansmitter and receiving
equipment generally becomes greater as the frequency
increases. Another factor to consider is how the increased

gain may reduce the required satellite antenna‘size. Recall

" that adding 1 dB of reentry vehicle antenna gain will

increase the received signal strength by 1 dBw. Also; adding
1 dB of reentry vehicle gain would allow the gain of the

satellite antenna to be decreased by 1 B and still allow the

same data rate. Thus, at a fréquency of 10 GHz, a 0.14 meter

reentry vehicle antehna would allow a 19.34 - 6.4 = 12.94 4B

reduction in satellite antenna gain (as compared to the

_ required gain-at 2260 MHz, where the RV antenna gain is 6.4

dB). To determine the corresponéding reduction in the

diameter of the satellite antenna, Egquations (13), (18), and

(19) must be used.

...........

..........

In Equation (13), the received signal level fdr a 0.14
meter RV antenna at 2260 MHz was found to be -177.2 dBw. The

required satellite antenna gain to achieve a 1 Mbps data rate

for this signal strength can be found by using Equation (18):
-127.8 - (rec dBw) = g _— (18)

-127.8 - (-177.2) = 49.4 dB (21)

The required satellite antenna diameter required for a

gain of 49.4 dB is found by using Equaéion (19):
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;5_\/20 g/10 = 0.4 =4 (19)

T

0.133,/. 49.4/10 . 0.4 = 19.8 meters ' (22)
===\[10" |

This is the required diam>ter at a frequency of 2260
MHz. Increasing the frequency to 10 GHz allows a reduction
in satellite antenna gain of 12.94 dB. Thus, .the required

satellite‘éntenna gain is:
49.4 - 12,94 = 36.46 dB (23)

Using Equation (19) and a wavelength of 0.03 meters (f

10 GHz), the satellite antenna diameter is:

0.03\/&036.46/10 =~ 0.4 = 1.00 meters (24)
"

Thus, the net reduction in required diameter is 18.8 meters.
A diameter of only 1.00 meter is relatively small for a

satellite antenna (recall that the TDRS has a 4.9 meter

t '
~antenna). A review|of the conditions under which a 1.00

'meter'antenna would suffice is necessary to prevent any

misunderstanding;

Equation (18) gives the required satellitélan;enna gain
based on a particular received Qignal levei. fhis équation
(derived frnm Equatijon (7)). is based dn the sensitiveity of

the receiVer used jaboard the Tracking and Data'Relay

Satellite. The TDRS receiver operates near. frequencies of

2260 MHz (7:4-84). For Equation (18) to be valid for the
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1.00 meter antenna case, the receiver used must be just-as
sensitive at 10 GHz as the TDRS receiver is at 2260 MHz (the
effects of varying receiver sensitivity are examined later in

this thesis). Note also that the primary reason why

increasing frequency from 2 to 1C GHz improves the telemetry

link is that the gain of the 0.14 meter réentry vehicle

antenna ihcreases from 5.36 to 19.34 dB. For an RV'antenna

whose gain remains relatively' constant with increasing
freqhency (such as a dipole), there will be virtuaily no

reduction in the required diameter of the satellite antenna.

Antenna Efficiency

The conclusiéns'reached in this thesis are all based on
an antenna efficiency of.40 percentv(see Appendix B for
justification). ,Ho&ever, for the rgaders' planning purposes
it may be .useful to exémine how changes in anténna efficiency
affect the telemetfy link problem. Changes iﬁ antenna
efficiency‘a;e confined to this section of the thesis alone.

Antenna efficiency is'used'whenever the parabolié
antenna gain eqﬁation (Equation'(;), givén.helow)'is

employed.

g = 10 ‘Log[(%g\z AJ 2
s ) g

Table 9 shows how changing efficiency affects a 32 meter .

antenaa's gain at 2260 MHz. A diameter of 32 meters was

chosen as this is the required diameter for a 1 Mbps data
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Table 9

Affect of Changing Efficiency on a 32 Meter

Parabolic Antenna at 2260 MHz : _ R -
Efficiency Gain Increase in Gain Due to a - o
(%) (dB) 5% Rise in Efficiency (dB) , R

20 - 50.58 -

25 51.55 0.97
30 52.34 0.79 » S
35 : 53.01 , 0.67 e
40 53.59 0.58 , : e
45 54.10 : 0.51 o s
50 54.56 0.46 ‘ R

55 . 54.97 0.41

60 - 55.35 ‘ 0.41

65 55.70 0.35
70 56.02 - 0.32 v _ o
75 56.32 - 0.30 o e
80 56.60 0.28 . _ A

rate given a 5 watt transmitter and a dipole RV antenna (from

Table 5). ' ' e

Perhaps the most useful illustration of the affect of
changing efficiency is how it affects required antenna size

for a constant gain. Table 10 shows thelnécessary‘changes in

antenna diameter in order to maintain a constant gain of i - f&ﬁ
. 53,59 dB at 2260 MHz as efficiency is véried; A satellite’ i;

- antenna gain of 53.59 4B was chosen as this would allow a1l
Mbps data rate to be achieved given a reentry vehicle with a

' 5 watt transmitter and a dipole antenna.
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Table 10
Affect of Changing Efficiency on Parabolic Antenna

Diameter for a Constant Gain of 53.59 dB at 2260 MHZz

.Efficiency Antenna Diameter Decrease in Diameter Due to a

(%) (m) 5% Rise in Efficiency (m)
20 45.3 . -
25 ‘ 40.5 4.8
30 37.0 3.5
35 - 34.2 2.8
40 32.0 2.2
45 30.2 1.8
50 28.6 1.6
55 27.3. 1.3
60 26.1 1.2
65 25.1 1.0
70 24.2 0.9
75 ‘ 23.4 0.8
0.8

80 22.6

The required antenna diameter was calculated by
modifying'Equation'(l9) as shown below and substituting in

different values for antenna efficiency.

__):_\/’mg/lo =~ 0.4 = 4 ' (19)
—\/
0.133 /105.359 = VE = 4 . (25)
" : ’ . '
20.24 +VE = a | (26)
where
E = antenna efficiency
d = antenna diameter
wavelength

>
ou
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g = antenna gain (in dB)

The results in Table 10 are graphically represented in
Figure 28. Note that the antenna diameter does not decrease

linearly with increasing efficiency.

Thus the antenna diameter can vary as much as 22.7
meters over a range of 20 to 80 percent efficiency. Even-if ;;j
the estimate of 40 percent antenna efficienty is accurate to A
plus of-minds 10 percent, this would still allow ‘the antenna -;;Q

| . - .
.

diameter to vary by as much as 8.4 meters. This is a

AN
o

oo

2 Py

significant uncertainty given the £fact that the largest
satellite .communications antenna placed into space to date is
approximately 9.1 meters. The‘reader should consult Appendix
B to consider the level of confidence that should be‘placed

1

S

=

)

;

in the 40 percent figure. » , : _ e
5 -
Receiver Sensitivity g

Througheut most c¢f this thesis, most calculations of
achievable data rates are'based on the sensitivity of the
'vreceiVer apoard the Tracking and Data Relay Satellite. The' o %
TDRS receiver was selected as it Qas'desigaed,specifiqalifk -
for receiving telemetry from a low power‘source, and because

it is representatlve of the state of the art of hardware that

is currently-operatlng in space. The first TDRS was launched

in 1983 (2o'~154) ‘:.__;:_.:
Since. the receiver aboard the proposed telemetry relay ’fta
satelllte may be more or less sensitive. than the TDRS %3{
8 o EE




ANTENNA DIAMETER (m)

Figure 23.

FFICIENCY (%)

Affect of Changing Efficiency on Parabolic
Antenna Diameter for a Constant Gain of
53.59 dB at 2260 MHz
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receiver, it is useful to examine.the affect of changing
receiver sensitivity on the achievable data rate. Usiﬁg the
TDRS receiver as a béseline,'a one percent improvement in
receiver sensitivity is defined as sufficient improvemeht to
allow a one percent weaker received signal to achieve the
same daté raﬁe as the unimprpvéd TDRS receiver. Figure 29
shows the affect ¢f increasing and decreasing the receiver's
sensitivity'(note that the received signalulevel scale is
smaller than in othér figures).

The curves in Figure. .29 are based on incfeasing and
decreasing the TDRS values py 5 and 10 percent. ' For example,
at a received signﬁl strength of -165 dBw a data rate of
1.024 x 106 bits per second can be achieved with the TDRS. A
| 5 perceng more efficiept receiver would allow the ;ame'data
rate at a 5 percent' weaker signal level, o? -173.25 dB.

The top of each curve shifts by 8.25 dBw and the bottom
of each curve shifés by 9.4 dBw with each 5 percént change in
sénsitivity. At a received signal lével of ;188.dBw the TDRS
reqéiver‘can.achieve a data rate of 4,000 Siﬁs ﬁer secohd.
fmproviné the receivef'by 5 percent would allow a ten fold
increage i the data rate, or 46,000‘bits per second for the'
' same received signal level. 3 10 percent improvement would
allow a 300,000>bits'per'§econd rate.

From the above inforhation it \'1 be.stated,that-fof
reentry vehicles with a.telemetrf bit rate of 1 x 106, a

5 percent improvement in efficiency in the TDRS receiver
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weuid allow an 8.25 dBw‘weaker'signal to achieve tte same
data rate. For a SO0,000 bit per second rate, a 5 nercept
;mprovement would allow a 3.5 dBw weaker signal to achieve

the same data rate. Thus, improving receiver sensitivity is
an alternative to increasing satellite antenna gain, reentry
vehicle antenna gain, or transmitter power. A 5 percent

6 bit rate

improvément in receiver sensitivity.for a 1 x 10
would allow the use of a satellite antenna with 8.25 dB less
gain. This would significantly reduce the required diameter
of the satellite antenna. Referring to Table 1. if a 40
meter satellite aetenna is used‘with the curre.. TDRS
receiver, a 5 percent improvea sensitivity receiver would
require only_approximately a 15 meter satellite antenna
(which has approximately 8.5 dB less gain than a 40 meter
antenna) to achieve the same data rate.

. There are many factors involved, hewever, in imprqving
reeeiver sensitivity, and a 5 percent improvement may be
v"difficult to obtain. Major changes in the modulation scheme
may be recguired. VThis-Qouid imply changes to the reentry
vehicle transmitter as well. Thus, the cost'of,ihcreasing f
telemetry link performance due to increaeea recei;er
sensit&vity may involve receiver and reentry vehicle
transmitter hodificatien costs. These cests‘must be compared
to the coet savings of a. smaller satellite antenna to

determine the most desirable method of increasing‘telemetry

link performance.
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VIII. Conclusions and Recommendations

Conclusions

The conclusions in this thesis are based on the
following assumptions, stated in order of their perceived
importence:

1. It is desirable to keep.the satellite anternna
diameter to a minimum.

‘2. It is desirakble to keep the sophistication of the
reentry vehicle telemetrylsystem down to a minimum.

3. The parabolic antenna efficiency is 40 percent, the
RV transmit power is S watts at 2260 MHz, and the desired
data is between 0.5 and 1 Mbps.

Recommended Option 1. Since keeping the satellite

antenna dlameter to a minimum has heen assumed to have the
highest priority, the first recommended option is to use a
sophistioated-reentryfvehicle with alpitch fixed at the
reentry angle as shown in Figure 24. The reentry vehicle
would heve al4dcm paraboliv antenna rigidly mounted on its |
base. Upon separatlon from the launchlng booster, ‘the ﬁV
would rotate until the nosn of the reentry'vehltle was in the

proper attitude for reentry and would‘remaln in thls p051tlon
throughout the entire flight. This would'meah.that no
addltlonal antenna p01nt‘ng would be required, due to the 66

degree oeamwxath of the. antenna. This thesis does not
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'
examine the difficulties (if any) invclved in orienting the
reentry vehicle in this position, or tie problems that may be
; iﬁvolvad in maintaining antenna structural integrity during

5 ' reentfy. It is suspect=ad, howsver; that ; hase mounted
antenna would belfairly well protected against the effccts of
reentry.

From Equation (12), the gain of allé ¢m antenna was

~ found to be 6.4 dB, resulting in a received signal level of

Y

-177.2 dBw. For a 1 Mbps data rate, thé gain of the
éatellite antenna would be (from Equation (18)):
. ~127.8 - (received dBw) = g C(18)
' -127.8 = {=177.2) = 49.4 dB (27)
'i ‘:q . Thus, from Equation (19) the reguired diameter of the
ié satellite antenna would be:
NG L : N / g/10 . 0.4 = ¢ ' . ’ 19
- : :?\'10 - (.)

T ) - 0.133,7217,741 =4 o s
e i . ' " » s . , .

= 19.5m=4d | o (29)
- ‘While a 19.8 meter diameter antenna is large, it is
Q: significantly smaller than the $5 meter antenna mentxoned in
i: Chapter III as being developed by the Lockheed Missiles and
Zﬁ Space COmpany. '

!:
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If the data rate is reduced to 0.5 -Mbps, then the

required satellite antenna gain is (frcm Eqﬁation {20)):
-130.683 - (received dBw) = g . (20)

-130.683 ~ (-177.2) = 46.517 4B (30)

‘Thus, from Equation (19) the required satellite antenna

diameter for a data rate of 0.5 Mbps would be:

0.133,/112,109 "= 4 : (31)
" ‘ : ' '

14.2 m=4d (32)

As expected, the lower the data rate, the smaller the

required satellite antenna size. Note that increased

diameters may be required if it is determined that a large
link margin is necessary. However, a 2.8 dBw margin is
already built. into the‘above numbers, as the performance
equation (Equation (7)) and performance figures {(Figures 5=

215) have a 2.8 dBw marqin built into them}(see Appendix A

. for Equation (7) derivation).

‘Recommended Oétion g; Instead of using a'parabolic
antenna for the reentry vehicle, use a 2.148 dB dipole

mounted oh'theibase 6f thé'RV."The disadvahtaée of this

Approach is that'the antenna provides 4.252 48 less gain than

the parabolic¢ antenna of Option'l. However, thgte‘would no

longer be a requirement that the reentry vehicle nose point
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at the Eartﬁ during the entire flight. Also the telemetry
signal ‘could étill be feceived by grouné stations in the
event of satellite failure. Thus, the disadvantage of
reduced RV antenna gain is offset by the wider beamwidth.

.The required satellite antenna diameters given a 2.148
dB gain RV antenna have previously been calculated, and they
are listed in Tables 5 and 6. For a 1 Mbps and a 0.5 Mbps
data rate, the requifed satellite antgnna“diameters are 32 m
and 22.9 m respectively. |

Valicdity of Conclusions. Theoretical calculations do

not always accurately model the réal world environment. Thus
it is useful to éxamine how valid the data and tﬁe
conclusions presented in this thesis are. In Chapter I it
was stated that only one telemetry link would be coensidered
in this thesis. In practice, several reengry vehicles wquld
be in flight simultaneously, andtthe satellite would receive
telemetry'from each RV. The achievable gata rate of the
satellita receiQer.may decrease as the number of telemetry
signals increases. Thus a highe: gain fand thérefore'la;ger'
diameter) satellite aﬁtenna may be réquired. For the TDRSS
satellite, the minimum received signal level must be 8.5 dBw.
higher for multiple access signals'than for single access
telemetry. This is true for bit rates‘of.either 4,000 bps or
32,000 bps (the TDRSS does not have a high data rate multiple

access capability) (1:4-85‘-' This is one area recommended

_for furthek_study.
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Another factor to consider when judging the validity of

the conclusions in this tﬁesis is that the free space loss

has been calculated to be '190.56 4B (as in Equation (9)).
This is based on a satellite to reentry vehicle distance of
35,784 km, t. e same distance from the surface of the Earth to
geosynchronous orbit. The TDRS User's Guide claims é 192.2
dB ffee space loss based on a 45,510 km distance between the
TDRS and the transmitting spacecraft (ZZ:A-Z,A-SS (see also
Appendix A). This assumes that the transmitting spacecraft
is in a 2,000 km orbit around the Earth, and that a Qorst
case geometry exists suchlthAt the Earth almost eclipsesvthe

line of siéht path between the TDRS and the transmitting

spacecraft. The 35,784 km distancé is probably a more

reasonable ‘estimate for most reentry vehlcle missions, since

thelr maxlmum altitude is only 637 ‘'km (approximately)

(17:24), - and the telemetry receiving satellite could be

stationed over the halfway pbint of the RV'tu trajectory.

However, the reader shouid be aware that the amount 6f free
'space loss will vary significantly (and thus the required

diameter of the satellite antenna will éary Significantly) as

the postulated reentry vehicle to satellite distance Qaries.

Another “real ‘world envzronmental problem that should be ‘

congsidered is the attenuation of the telometry signal when

the RV first reenters the Earth's atmosphere. Telemetry

reception may not be a critical reéuirement during this short

phase of the flight. However, the aﬁtenuatien'due’to'reentry
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is usually quite severe, and a study.of how much additienal
gain would have +to be added to maintain the link may be
justified.

There are many other .real world consicderations which may
affect the Validity'of the data in this thesis. There may be
unexpectedly high intentionai or ﬁn;ntentional radio
frequency interference from unknown sources. Problems in
manufacturing may result in a dipole ahtehna with less than’
2.148 dB gain, smaller than expected beamwidth, coupling
losses beiween the RV transmitter and antenﬁa, and less than
) watte of transmitter power.

Thus'it is useful to review how unexpected degradatiéns
in the telemetrf signal may affect the satellite diameter.
In the first recommended option of this chapter the required
satellite antenna gain for a 1 Mbps data rate was 49.4 dB,
indicating a satellite antenna diameter of 19.83 m. A quick

way to determine how much the sateilite antenna diameter

-would have to-increase if, for example, the teiemetry signal

was 5 dBw weaker than expected is to refer to Table 1. A S

dBw weaker signal would have to be compensated for by a 5 dB
higher gain antenna. From Table !, a 35 m antenna would
provide the required %4.4 4B gain. This is an increase in
diameter oflls;z m. This is a siQnificant increase iﬁ,size,'
althouéh the antenna is still of apparenily managable

diameter.
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For the second recommended option of this chapter, the
required satellite antenna gain forea 1 Mbps data rate is
53.6 4B, indicating a 32 m antenne diaméter. If the actual
telemetry signal is SldBw less than expected dﬁe to the real.
world problems mentioned earlier, then (from Table 1) the
antenna diameter must be increased to‘approximately 57 m to
maintain the same data rate (note that Equations {18) and
(19) would provide a more accurate number than estimatinq
from the table). |

In summary, plangers of a reentry vehicle to satellite
telemetrf link must keep in mindzthat small uncertainties in
the amount of received power at the satellite will
significantly affect the required diameter_ef the parabolic
satellite aneenna. To increase the gain of e-40 m antenna by
6 dB, the diameter would almost‘ﬁave to be doﬁbled (reference

Tab;e 1). Therefore, in order to keep the diameter of the

satellite antenna down, it is desirable to increase the gain.

of the RV antenna as much as possxbte. Thus, the first

reconmended optlon (0.14 'm parabolic RV antenna) is preferred :

over the second option (dipole RV antenna). ,
Changing Assumgtion 3. Only a few qenerel remarks will
be maee'about-chengiqq.ffequency,;antenna'efficiency. and
transnit power."At theebeéinnihg.ef-this.chepiekIit was
stated that these'variablee'would be assumed constant at

their present day levels. VWhile on the surface increasing

these three parameters appears to be desirable, (recall from




the dissussion on Table 7 that increasing freguency will not
be an improvement if a dipole’anienna is used on the RV) it
is not at all certain that present day hardware is capable or
cost efficient enough to be used. 'For example,'it is unknown
if a 25 watt 10 GHz réentry vehicle transmittef can be
inexpensively built to operate undér the severe phyéical‘and
electrical constraints of'an_RV.' Also, the satellite
receiver may not be as sensitive at 10 Gst

The detailed discussion- in Chspter ViI, however, should
give the reader some indication as to whetner or not
increasing transmit pbwer;ifrequéncy, antenna efficiency and
receiver sensitivity is worthy cf further investigation.

Leaving aside the qﬁestion of cost and construction
feasibility, a review of Chapter VII will emphasize the
potential benefits of eash‘parameter in relation to the
other. Compare the follcwiné piecés of data:

1. Doubling‘ths transmitter power would allow the gain
of either the sasellite or RV antenna to be decreased by 3 63
with no degradation in‘performance. Is the cost of Sucﬁ a
transmitter justlfled by cost saved on the. smaller antenna
(refer to Table 5 and 6)?

2. Increasing antenna efficiency frcm 20 to 80 percent.
for a 32 m diameter parabolic antenna results in increasing
its gain from 50.58‘to 56.60 dB (refer toc Table 9). Looked
at another way, increasing antenna efficiency from 20% to 80%

would allow a reduction in diameter from 45.3 m to 22.6 m and
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still maintain a constant 53.59 4B gain (refer t0>Ta51e 10).

3. An improved receiver that is S percentbmore
sensitivevthan the currently used Tracking and Data Relay
Satellite receiver would allow a 40 mete: antehna'to be
reduced to a diameter of only 15 meters (refer to final pacge
of Chapter VII).

‘4. Increasing.the telemetry frequency from 2.26 to 10
GHz increases the 0.14 m RV antenna gain from-6,4ito 19.34 dB

(refer to‘Table 8). Based on this increase, a 19.8 m

satellite antenna could be reduced to a diameter of only 1.0‘

m and still maintain a 1 Mbps data rate (refer to Equations

(22) and (24)).

Perhaps the most significant reduction in satellite
antenna diameter can be obtained by increasing the fourth
parameter listed above. It may also be the most costly

method. However, these are the theoretical possibilities,

and a cost versus benefit analysis on the affect of

increasing each of these four pargmefets appears to. be a .

worthwhile erdeavour.

Recommehdations

There are many areas in which meaningful follow on study

can be performed on the reentry vehicle to saﬁellite;

telemetry link problem. Most of these afeas would make good .

topics for master's déqree thesis work. The recommended

areas of study are as}follqws:
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1. How large an antenna can be mounted on the rear of

‘the RV and still survive the effects of reentering the

Earth's atmosphere? (reference: Chapter V)

2. Research planned hardware for future telemetry

éystems. Is it poSsible to use higher frequency, increase

transmit pcwer, improve receiver sensitivity and improve

" antenna efficiency? (reference: Chapter VII)

3. What is the cost versus benefit for improving each

parameter mentioned 'in the previbus recommendation? .

" (reference Chapter VII)

4. This thesis has assumed a paraboiic di;h antenna for
RV transmission and satellite ieception of the telemetr?(
However, there are 6ther types of antennas such as a
sphericel reflector or steerable beam phased array, which
could be studied. The phased array antenna may prove to be

physxcally smaller and provzde more gain when tracking

,multiple reentry.vehlcles. It would also eliminate the need

for an antenna steering motor. |
5. Survey the real world radio frequency interference
environment to determine just how much link margin would be
requlred for this telemetry system.(reference Chapter VIII)-
6. What is the cost effectiveness of the proposed

reentry vehicle to satellite telemetry system as compared to

'the cost of the currently used ground stations? Is the
" ‘increased coverage that a satell;te would provide worth the ,'

- increase (if any) in cost? (Some assumptions regarding the
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satellite antenna size and the cost of reentry vehicle
modification would have to be made). (reference Chapter I)

7. Determine the optimum cost effective combination of

-reentry vehicle and satellite antenna combination. Recall

from Chapter IV that a 65 m diameter satellite antenna may

provide sufficient gain to acheve an aceeptable telemetry
data rate with a currently'hnmodified reentry vehicle.
However, to say thet a 65 m space antenna is large is an
understatement. Thus the cost of modifying many reentry
vehicles may be justified if the cest spread over the life of
the satellite is less than the money saved by using a smaller

satellite antenna. It is suggested that the anaiysis be

broken into two parts. The first part'would determine if a

minimal RV modification, such as a dipole would be cost

effective. The second part would examine the additional

benefit obtained by the moire extensive modification of using
a parabolic RV antenna and constant reentry vehicle pitch.

(reference Chapter IV for RV dipole, ani Chapter V for

-extensive RV modification)

8. Research the problem of multiple RV telemetry links.
How is the number of received gsignals related to the date

rate each signal can achieve?, (reference Chaétet VIII)
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Appendix K'

The TDRS Receiver

The fundamental basis for the conclusions drawn in this
thesis is the sensitivity of the receiver aboard the Tracking
and Data Relay Satellite. Equations (6) and (7) (repeated

below) are based 6n the capabilities of the TDRS receiver.
Log (bit rate) = 0.1047 x received dﬁw- + 23.2868 (6)
Log (bit rate) = 0.1047 x (received dBy + A) + 23.286§ (7
where |
4= yew antenna gain -'TDRS gntenna gaiﬂ.

This section of the appendix will describe the data the

'’

author ;elied upon, and the above equations are derived in
detail. | |

'Oné of tne,service; Ehat the TDRS prnvides is an S-band
single ‘access (SSA) - data link from a low Earth orbit
~sa’c.eliite to the TDRS. According to the user's.guidé fér the
TDRS, the achievable data rate is‘inen by (22:3-21) |

10 Log (bit rate) = 34.7 + EIRP. (A=1)
QT
. 10 Log (bit rate) = 35.7 + EIRP - = (A=2).
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'depending on which channel is used. The effective‘isotropic
radiated power is that of the low orbit satellité, which in
the case of this thesis is that of the reentry vehicle. The
EIRP is in units of dBw.

Equations (A-1) and (A-2) assume a 1 x 10-5 bit error

rate, a 2255.5 MHz transmit frequency, and a -192.2 dB free

space loss (the latter figure is based on a TDRS to low orbit
satellite distance of 42,510 km (22:A=2), which is slightly

greater than the 35,784 km distance from the surface of the

Earth to the TDRS). However, no other losses are taken into,

account. Thus ﬁquations"(Afl) and (A-2) must Dde modified
beforé‘being used to approximate realistic operating

conditions. Losses are taken into account by subtracting

their value. in dBw from the right hand side of Equations (A=

1) and (A-2). Figure A-1, taken from the TDRS User's Guide,
depicts three different curves. The curve marked with the

letter A corresponds to the eguation:
10 Log (bit rate) = 32.2 + EIRP (A=3)

The curve indicated by the letter B #orrespohds to:

10 Log (bit rata) = 31.2 + EIRP - (A~4)

The curve indicated by the letter C corresponds to:

'0 Log (bit rate) = 30.7 + EIRP (R=5)
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Equations (A-3), (A-4), and (A;S) are only examples of
méthematical rélationships that could‘describe a
communications link between a satellite and a reentry
vehicle. Equation (A-3) takes into account a 3 dB user

margin and a 0.5 4B polarization loss. 3JSubtracting 3.5 d&B

from Equation (A-2) yields Egquation (A-3). Thus, a

reasonable assumption as to the amount of loss in the
communicétions link is required. It is useful to note that

if the system has to be pushed to the limit of its
capability, the TDRS receiver is capable of maintaining lock
on the signal despite a 3 dB EIRP fade relative %c the EIRP
necessary for a certain'data rate (22:3—32). Thus a 3 dB
user margin may not be necessary in establishing a data link.

One type of loss that the TDRS User's Guide pays
particular attention to is loss due to radio frequéncy
interference (RFI). An average §f approximately 2 dBw is
subtracted from the transmitted signal strength because of
RFI. The effect of RFI iAcreases with increasing anténn;
pointlng error (22:K-4).

Another methed of descrlblng the performance of the TDRS
receiver is in terms of the power recelved at the TDRS
antenna (recall that.recelved power is equal to the EIRP of‘
the reentry vehicle minus free space loss and all other‘
lossés).‘ In the radio interface control document for the
TDRS tﬁe ideai required received power for a data rate'of,

1.024 Mbps (at a 1 X 10-5 bit error rate) is -167.8 dBw.
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Teking into account polarization loss and the presence of
RFI, a received power level of =165 dBw would be required

(7:4-84). 'Data rates of 4,000 bps and 32,000 bps can be

" obtained with receiveé.powers of -188 dBw and -179 dBw

respectively, téking into account polarization 1loss and RFI
(approximately 2.8 dBw) (7:4-83)..

The above data was used to derive Equations (6) and (7).
The major differencé between Equations (A-lj through (A=-5)
and Equations (6) and (7) is that Equations (A-lf‘throuqh'(A-
5) use transmitted power, while Eguations (6) and (7) use
received power. Thus, Equations (A~1) throuqh'(A-S) have al
greater aﬁount of uncertainty in them because the estimates
of various losses in the system must be subtracted from the
right hand side of the equations, For example, as stated
above, a‘receivea signal level of -165 dBw Qill‘reéult in a

1.024 Mbps data rate. Using Equation (A-2) we see that:
10 Log (1.024 x 106) = 60.103 = 35.7 + EIRP. (A=6)

ThHus, the EIRP must be 24.403,&89 in the ideal case.

 However, due to various real world losses the actual EIRP

must be higher. If the EIRP is 24.403 dBw, and the free

‘space loss ‘from the reentry vehicle to the satellite is

'-192.2 dB, then the maximum received power at the satellite

would be -167.79 dBw. This is in close,agréement with the
-167.8 dBw_figure inen,égflier as the ideal teceiﬁeﬂ power |

for a 1.024 Mbp# data rate. In this example, the receivaed
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signal level is =165 dBw (due to-assumptibh'of nén-ideal
case). Thus 2.79 dBw must be subtracted from,the right hand
side of Equation (A-2) for this exahple.' The.exact amount
that should be subtracted from the rigﬁt hand side of
Equation (A-Zf varies as the environmentél'cbn&itioné vary.

There is no clear advantage of using Eéuétion (A-Z)‘over‘
Equation (é), as at some time during calculaﬁions'for the
data linklan.estimate of the IOSSéé in'thé system must be
made. Equation (6) was used in thié’thesis since the
required received power for a ¢ertain_data rate may give the
reader a more intuitive feeling for the'sénsitivity of the
TDRS receiver than the EIRP of the reéntry venicle used'in
Equations (A=-1) and (A=2). | '

_ Equafion (6) was derived usinqvthé data that recéiyed
signal levels of =165 dBw and -188 dBw produced bit rates of
1.024 Mbps and 4,0b0 bps respectively. Also used yes“;he
knowledge (from Figure A~-l) that thellog of the ddta fate
increased linearly with increased t;ansmit (or received)
powe?. Thus, using the mathematical relétioﬁship governing a
stréight lihex o |

. y = mx + b ‘(A“7)‘
where

m = slope‘of the line

b = y intercept point 2
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and inserting the proper values,'yields:
Log (1.024 x 106) = m(-165) + b (A-8)
Log (4,000) = m(-188) + b (A-9)

with Equations (A-8) and (A-9) it is possible to solve for m and

b.
6.0103 = m(-165 + b | (A=10)
3.60206 = m(-188) + b (A;ll)
Solving Equaﬁion (A-ll):for b yields:
3.60206 + m(~188) = b | . (A=12)

Inserting Equation (A~12) into (A-10) yields:

6.6103 = m{«~165) + 5.60206 + m(188) (A‘lB)
m = 0,104706 | (A’l4{

.which implies:
.b = 23w2§6788 | -‘ (A*lg)

Thus.,inserting the values of m ahd.b (rounded off to. four
places'after the decimal) into Equation (A=7) yiéids Equation
T (6): ‘ | | .

Log (bit rate) = 0.1047 (received dBw) + 23.2868 (6)
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where

Equation (7), repeated below, waé derived so that the

affect of using a higher gain antenna with the TDRS receiver

could be determined.

Log (bit rate) = 0.1047 x (recieved dBw +4) + 23.2868 (7)

4 = New antenna gain - TDRS antenna gain

Equation (7) is derived from Equation (6) and the fact that
increasing antenna gain by 1 dB has the exact same affect as
increasing the recei#ed signal strength by 1 dBw.

A few remarks regarding antenna noise temperature are

appropriate at. this point. The noise temperature of the

satellite receiving antenna dependé on the objects within the
antenna's field of view (4:171-172). Since the antenna will
always be pointed at tﬁe Earth, and the Earth wili fill the

field of view of any 5 to 85 meter antenna (refer to Table

1), the noise temperature'of the antenna will be

3

approkimately 290 degrees K (24:442). As the diameter of the
antenna increases, ité gain increases and its footprint on
the surface of the Earth decreases. Since "the gain or

effective avea of the antenna does not influence the noise

| power delivered bfithe antenna* (23:302), (there should be

. very little difference in the antenna noise temperature'of a

5 meter and an 85 meter antenna if both antennas are pointinq
at the Earth. Thus, no consideration has bedn given to small

changes in antenna noise temperature'due to the difference in
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the field of view of the different size satéllite antennas
examined in this thesis. The Earth has been assumed fo be a
relatively uniform noise source. This enables direct
comparison of different antenna perfofmances.

The following is a brief excerpt from the TDRS radio
frequency interface control docuﬁent. It describes the
modulation piocess used in a typical S$-band singie access
data link: |

"4.2.4.2 DG2 High Data Rate Return Link. (User
SC)~to~-TDRS 'SSA high data rate return link service
will be available on a scheduled basis during
intervals that the (user SC)~TDRSS line-of-sight
exists.  Figure 4-3 (thesis Figure A-2) shows the -
functional configuration of the (user SC)-to-TDRSS
high data rate return link. The 1link is used to
transmit one of three data signals at 1.024 Mb/sec.
The data signal is selected from either real=-time
science data, playback science data, or playback
engineering data.

a. The 956-kb/sec real~time science data or
playback data is channel encoded using both an
outer block code and an 'inner convolutional
code. The outer block code is produced by a
Reed-Solomon (RS) encoder with RS symbol
interleaving.  The outer code is used to
correct the channel burst errors occurring at
.the output of the Rate 1/3 Viterbi decoder..

b. After RS encoding, the 1.024-Mb/sec data

is PN scrambled to reduce the magnitude of the:
spectral lines resulting from repetitive’
(periodic) data. After PN scrambling, the

data is converted to an NRZ~S format. At this -
point, the 1.024~Mb/sev real-time science data

is recorded, When playback science data is to

be transmitted on the 1ink, the 1.024+Mb/sec

playback science data is selected at this

point. The recorded science data is played

back in reverse order. :

c. The NRZ-S data signal is Rate 1/3

convolutionally encoded to 3.072
megasymbols/sec and Periedic Convoluticnally
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Interleaveé (PCI). The PCI time reorders the
contiguous symbols out of the convolutional
encoder. in such a way that error bursts on the
link from pulsed radio frequency interference
are randomized by the Periodic Convolutiocnal
Deinterleaving (PCD) in the TDRSS ground
terminal prior to Rate 1/3 Viterbi decoding.

d. The output of the PCI BPSK modulates the
transmit carrier which is derived from a local
oscillator. The BPSK modulated return link
signal is power amplified, then transmitted at
2255.5 MHz  to the TDRS through the LHC-

polarized HGA. In the TDRS, the signal is

" coherently upconverted and transmitted to the

where

TDRSS ground termiral®.

NRZ-S = Non-return to zero space
DG2 = Data Group 2 (High Data Rate)
SC = Séacécraft |
PN = Pseudonoise
- HGA = ﬁigh Gain‘Antenna (4.9 @eter)
LHC = Left Hahd Circular
BPSK = Binary Phase Shift Key -

SS8A = S-band Single Access

106

AR PR

- ew




1.008
D [ ] L]
PRMOOIC
SOLOMON o SYMOOL "
- CONVOLUTIONAL
SeCoom INTERLEAVER 10m NTERLEAVER L
y/ons
CARMER
LOCAL
QSCILATOR

ueee & . 88 e

ped mevwso o ~ - l"m _ reee | ;w-oo-c . sm-u
Ca0ee oswTemtaven. ['€ oescramase [ g ONvOLUTIONAL b YNCH- g )
H 1000 | martim | Ty gn [oowreaaven soszen [ GOMOOULATOR
: L 7 L1
'y naveacy ¢
SONCE e
™ ‘

Note

1. Cata is p]ayéd'ba;k in reyerse order.

“——— - " N R

‘Figure A-2. User Spacecraft to TDRSS S-band Single
. Access Return Link (high data rate)
Source (7:4-12)
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Appendix B

Antenna Efficiency Factor

The antenna efficiency factor used in this thesis to
evaliate the gain of a parabolic antenna is 40 percent. The

most compelling argument for this percentage is the fact that

the 4.9 m TDRSIantenna,.bne of the largest antennas deployed

in space to date, has an eff;ciency of approximately 40

percent. Using the gain equation for a parabolic dish, and

the knowledge that the 4.9 m TDRS antenna has a gain of more

than 37 dB at 2260 MEz (15:422) we see that:

g = 10 Loé[(zg)z n]' , (2)
: : A
37 plus = 19 Log[(w4.9 )2 n] “ (B=1)

"If the efficiency factor in Equation (B~-1) is 40

percent, the gain is 37.3 dB.  The gain is 37.07 dB for a 38

percent efficiency factor and 38.9 dB for a 42 percent

efficiency factor. Thus a 40'pe£cent efficiency factor

.appears to. be a reasénableVChaice.for use in this thesis.

Further justification is contained in Table B-l. !Thé

table lists the characteristics of 19 parabolic antennas

currently in use. The data was taken from an instrumentation

handbook for the U.S. Air Force Eastern Test Range (3). The
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first column of the table lists the page number 'of the

haridbook from which the data is taken from.

Table B-1

Data to Substantiate Antenna Efficiency Factor.

Page Frequency Diameter Gain Actual Calculated Efficiency
{(GHz) (£t) (dB) Beamwidth Beamwidth = (percent)
(degrees) _ (degrees)

2-6 5.70 20 47.5 0.60 - 0.60 42.5
2-9 5.70 29 . 53.0 0.38 - -0.42 71.7
2-11 5.70 28 48.0 0.46. 0.43 : 24.3
2-13 5.70 12 44.0 1.20 -1.01 52.7
2-15 5.70 29 51.0 0.38 0.42° 45.2
2=-19 5.70° 16 46.0 ' — 0.76 ‘ 47.0
2-22 '5.70 30 3.0 0.40 0.40 67.0
2-23 1.28 40 41.0 ©1.20 1.35 . 47.1
2-24 0.435 40 . 31.5 3.50 3.96 45.8
2-29 2.25 - 80 © 51.0 0.34 0.38 33.1
2-29 2.25 33 43.0 0.90 0.93 35.5
2-29 2.25 . 24 41.0 1.35 -1.28 - - 42.4
2-30 2.25 30 42.5 1.00 . 1.02 : '38.3
2-30 2.25 33 42.2 0.90 0.93 29.6
2-31 2.25 85 48.0 . 0.40 0.36 . 16.9
2=32 2.25 33 39.0 0.90 - 0.93 - 14.1
2-33 2.25 3 20.5 .11.0 10.20 24.2
2-34 2.25 6 - 28.5 5.00 - 5.10 38.1

2-34 . 4.00 6 33.5 2.50 2.87 38.2

The last two columns in Table B-1 list cdlculated
‘values. The beamwidth .of the parabolic antennas were

calculated using'Equation.(B):
3 dB BW = 70A/d - | ‘ (3)

Note how closely the actual béamwidth corresponds to the
calculated beamwidth, The average difference'between the

hcalculéted and actual beamwidth values is only'6;86 percént.

-
[ '
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The largest difference between calculated and actual was 15.8
percent (for the 12 ft antenna). In two cases the calculated

and actual beamwidths were exactly the same. This should

give the reader a fairly high degree of confidence'in the,

ability of Eﬁuation (3) to accurately predict the beamwidth

of a parabolic antenna.

The last column in Table B-1 was calculated using

Equation (2) and solving for the antenna eff;ciency factor.

g = 10"Log[(%:l_)2 n] | (2)

Note that the antenna diameters in Table B~1l are given in

feet and therefore the waﬁelength must also be computed in
feet. The average calculated antenna.efficiency in the table
is 39.9 percent. This gives forther,subport to the
assumption of 40 pércent antenna efficiency used in this

thesis.

R T e R e e S T T T - T T

The antenna efficiency factor'taxes into account all of

the 1mperfectlons which reduce the gain of antenna (such as

surface roughnees and other items which reduce the tecelvxng

aperture) (16:66). Improvement in the s1delobe performance

of an antenna may result in decreesed efflciency (16: 66).
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Appendix C ‘ P

"Verification of dB and dBw Addition

LA

o
'-"' -
N

Many calculations in this thesis require addition of

.
L
’
.
-

quantities in units of dB and dBw. Thus it isbuseful to it
briefly review why units of dB énd dBw can be added while
units of dB and dBm cannot be added. Units qf 4B, dBw, and
dBm are célculated using the following mathemaEic#l ' —

operations:
10 Log (x) = y dB (c-1) B

10 Log X = y dBw (C=2)
watt

10 Log X _____ s=yasm (C=3) -~
i x 10-3 watts | m

Note that Equations (C-1) and (C-2) will yield,the same- ' ;3.

value of y £o£ a‘speéific valpe of X, while Equation (C=3) :f
produces a different result. Thus it is more useful, to
 ‘repre§ent transmitted and received power in units of |[dBw than
dBm since the power c‘an be directly added to antenna gain and -
‘f:ee sﬁace loss (Equation‘(C*l))'to determine qﬁantities such ;,

as received sién&l strength (Equation (5)). : o ‘ A
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